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ABSTRACT

The present work aims at enhancing the external quantum efficiencies of ultra-violet (UV)
sensitive photodetectors (PDs) and light emitting diodes (LEDs)for any light polarization. Deep
UV solid state devices are made out of AlGaN or MgZnO and their performances suffer from the
high resistivity of their p-doped regions. They require transparent p-contacts; yet the most
commonly used transparent contacts have low transmission in the UV: indium tin oxide (ITO)
and nickel-gold (Ni/Au 5/5 nms) transmit less than 50% and 30% respectively at 300 nm. Here
we investigate the use of surface plasmons (SPs) to design transparent p-contacts for AlGaN
devices in the deep UV region of the spectrum. The appeal of using surface plasmon coupling
arose from the local electromagnetic field enhancement near the metal surface as well as the
increase in interaction time between the field and semiconductor if placed on top of a
semiconductor. An in/out-coupling mechanism is achieved by using a grating consisting of two
perpendicularly oriented sets of parallel aluminum lines with periods as low as 250 nm. The
incident light is first coupled into SPs at the air/aluminum interface which then re-radiate at the
aluminum/AlGaN interface and the photons energy is transferred to SP polaritons (SPPs) and
back to photons. High transmission can be achieved not only at normal incidence but for a wider
range of incident angles.
iii

A finite difference time domain (FDTD) package from R-Soft was used to simulate and design
such aluminum gratings with transparency as high as 100% with tunable peak wavelength,
bandwidth and angular acceptance. A rigorous coupled wave analysis (RCWA) was developed in
Matlab to validate the FDTD results. The high UV transparency meshes were then fabricated
using an e-beam assisted lithography lift-off process. Their electrical and optical properties were
investigated. The electrical characterization was very encouraging; the sheet resistances of these
meshes were lower than those of the conventionally used transparent contacts. The optical
transmissions were lower than expected and the causes for the lower measurements have been
investigated. The aluminum oxidation, the large metal grain size and the line edge roughness
were identified as the main factors of inconsistency and solutions are proposed to improve these
shortcomings. The effect of aluminum oxidation was calculated and the passivation of aluminum
with SiO2 was evaluated as a solution. A cold deposition of aluminum reduced the aluminum
grain size from 60 nm to 20 nm and the roughness from 5 nm to 0.5 nm. Furthermore, replacing
the conventional lift-off process by a dry back-etch process led to much smoother metal line
edges and much high optical transparency. The optical measurements were consistent with the
simulations. Therefore, reduced roughness and smooth metal line edges were found to be
especially critical considerations for deep UV application of the meshes.
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1. CHAPTER ONE: INTRODUCTION
Ultraviolet (UV) and deep ultraviolet (DUV) detectors and emitters can be used for a wide range
of applications: decontamination (water and air purification from 240 to 280 nm), bio-detection
and analysis (protein analysis and DNA, drug discovery from 270 to 300 nm), medicine (imaging
of cells from 280 to 400 nm, light therapy from 300 to 320 nm for skin diseases like psoriasis),
curing (especially polymers from 300 to 365 nm), label tracking (like barcodes from 230 to 365
nm), bug elimination (from 350 to 370 nm since those are attracted at 365 nm), flame sensing
and combustion control, pollution monitoring and last but not least solid-state lighting (from 300
to 400 nm).

The deep UV devices can be fabricated using three semiconductor compounds: silicon carbide,
magnesium zinc oxide compounds and the aluminum gallium nitride compounds. Silicon carbide
does not present itself as an ideal candidate since its absorption range in wavelength cannot be
tuned and its absorption edge is not as sharp as that for the oxide and nitride compounds. While
the oxide compounds present many advantages like the availability of perfectly matched
substrates or the possibility to have cubic phase crystals they also suffer from a major drawback:
the current difficulty to grow p-doped compounds. The nitride compounds benefit from more
mature growth techniques and the p-doping, which was achieved a decade ago. Therefore, more
1

improvements can be expected in the device fabrication processes.

In order to achieve shorter wavelengths of emission good quality films of AlGaN need to be
grown with higher aluminum composition. Due to the low surface mobility of Al atoms, the Al
composition is inhomogeneous within the crystal and the crystal quality deteriorates as the Al
content is increased[1]. Currently the incorporation of aluminum has much room for
improvement for composition higher than 25%. For higher compositions, the aluminum tends to
aggregate and form metallic islands within the film that is left with many defects. Not only do
these defects act as non-radiative recombination centers, but they also make grow good p-doped
AlGaN more challenging. For LED applications, the high p-film resistance makes it hard for
holes to be uniformly injected through the p-layer of the LED structures ‒the holes do not spread
laterally and are mainly concentrated right beneath the p-contact. Therefore the electron-hole
recombination and the light emission occur in the active layer regions located right under the pcontact[2]. To overcome this issue transparent p-contacts are used. Indium tin oxide (ITO) and
Ni/Au are two commercially used options but they actually exhibit poor transparencies for DUV
wavelengths. For example, a 200 nm thick ITO and Ni/Au (5/5 nm) contacts transmit less than
50% and 30% of light for wavelengths under 300 nm [3].

To enhance the light transmission into or out of the AlGaN based devices, surface plasmon (SP)
coupling mechanisms can be exploited. Surface plasmons (SPs) are coherent electron charge
fluctuations that form longitudinal surface charge density waves on the surface of metals. They
2

are associated with electromagnetic fields parallel to their surface and normal to the charge
oscillations. The intensity of these electromagnetic waves is maximum at the surface and decays
exponentially farther into the metallic space. The term „surface plasmon polaritons‟ is also
employed in literature and simply refers to surface plasmon. The appeal of using surface
plasmon coupling arose from the local electromagnetic field enhancement near the metal surface
[4-22]. This aspect has sparked great interest in building blocks for ever smaller integrated
circuits. These include plasmonics used for connectors [23, 24], waveguides, couplers to
transmit information optically and filters –especially solar-blind DUV filters [25]. Surface
Plasmons may also be important for active devices such as light emitting diodes (LEDs) or
photodetectors (PDs), especially if they can enable high speed single photon detectors [26] using
delay in transmission through small apertures [27] and nano-photodiodes [28]. The probability of
creating an electron-hole pair through the absorption of a photon traveling inside the
semiconductor is proportional to the velocity of the photon inside that semiconductor (or c/n
where c is the speed of light and n the refractive index of the semiconductor). By placing a SP
coupler on top of the semiconductor, the interaction time between the electromagnetic field and
the semiconductor can be increased. This leads to higher optical absorption and thus higher
internal quantum efficiency. In a similar manner, SPs have been found to increase internal
quantum efficiency and light extraction [29-31] of LEDs.

We focused our effort on using SPPs to enhance the light transmission into nitride PDs [32] and
out of nitride LEDs. Our effort was focused on enhancing the transmission not only at normal
3

incidence but for a wider range of incident angles and for any light polarization by using SP
coupling and out-coupling mechanisms. The incoming light is coupled into SPs at the first metal
interface; if the metal coating is thin the exponential decay associated with the SPs will be low
enough so that the SP amplitude is non-negligible at the second metal interface. At the second
interface the SPs can couple back into high intensity light, in other words re-radiate.

Aluminum was found to be an ideal candidate for DUV and UV applications. Yet, contrary to
gold, it oxidizes quickly, which changes the properties of the structure. Different structures have
been investigated in order to increase the transmission of DUV and UV light into or out of a
device for any polarization. Two-dimensional arrays of square holes with equal periodicity in the
two perpendicular directions have proven to be ideal for maximizing the light coupling into the
PDs independently of its polarization. We designed meshes with transparencies higher than 90%
at 300 nm, which is a great improvement from Ni/Au or ITO contacts whose transparencies are
lower than 50% at this wavelength [3].

4

2. CHAPTER TWO: SURFACE PLASMON THEORY
Raether pioneered the development of surface plasmons. He formulated an extensive theory that
constitutes solid grounds for anyone investigating surface plasmon assisted mechanisms [33, 34].
This chapter reviews the fundamentals of the surface plasmon theory on smooth films and the
local field enhancement associated with them. It reaches further into rough film cases and details
more specifically about the extraordinary transmission through subwavelength holes and arrays
of holes in a metallic film.

2.1
2.1.1

Fundamental properties of surface plasmons on smooth surfaces
Dispersion relation at the interface of two semi-infinite media

We first consider a wave at the interface between two semi-infinite non-magnetic media; a
dielectric with a dielectric function  1 and a metal with a dielectric function  2 (Figure 1). The
classical Fresnel theory cannot be used since it applies to homogeneous isotropic media but not
to conducting media. We therefore start from the Maxwell equations.
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Figure 1: Two semi-infinite non-magnetic media separated by a planar interface

Without any external source (charge or current applied), Maxwell‟s equations can be written as:
 Hi  i

  Ei  

1  Ei
c t

1 Hi
c t

(2.1)

with i  1 for z  0, 2 for z  0

(2.2)

   i Ei  0

 

(2.3)

  Hi  0

(2.4)

Solutions to these equations can be p-polarized (transverse magnetic - TM) or s-polarized
(transverse electric – TE). In order to have a wave propagating along the interface and excite
surface plasmons on the smooth surface, the electric field has to have a non-zero component
normal to the surface. Therefore, we consider p-polarized waves (TM).
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Assuming propagation along the x-direction the field can be written as:
E2  ( E x 2 ,0, E z 2 )ei (kx 2 xkz 2 z wt)

(2.5)
for

H 2  (0, H y 2 ,0)ei ( kx 2 xkz 2 z wt)

and
E1  ( E x1 ,0, E z1 )ei (kx1xkz1z wt)

(2.6)

for

H1  (0, H y1 ,0)ei ( k x1xkz1z wt)

By introducing these solutions into the Maxwell‟s equation (2.1) we get:
k z1 H y1 


c

 1 E x1 and k z 2 H y 2  


c

 2 E x2

(2.7)

2


And k x2  k zi2   i   with
c

i  1,2

(2.8)

The boundary conditions state:
•

the continuity of the tangential electric field: E x1  E x 2

•

the continuity of the tangential magnetic vector: H y1  H y 2

(2.10)

•

the continuity of the normal displacement vector:  1 E z1   2 E z 2

(2.11)

(2.9)

From equations (2.9) is derived the continuity of the tangential wave vector:
k x1  k x 2  k x

(2.12)
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From equations (2.7), (2.9) and (2.10):
H y1  H y 2  0
k z1

1

H y1 

k z2

2

(2.13)

H y2  0

This system of two equations with two unknown has a solution if and only if its determinant
equals zero:
Det 

k z1



1

k z2

2

0

(2.14)

From equations (2.14) and (2.8) we get the dispersion relation:
kx 

 1 2
1   2


c

(2.15)

We considered the interface between air and aluminum whose dielectric function is plotted on
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Figure 2: Dielectric function of Aluminum from Palik values
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Imaginary dielectric function

Real dielectric function

Figure 2.

Air is a non-absorbing medium and the developed dispersion relation is:
kx 

 '  '  i ''    '  '  i ''  '   '  i '' 

c  '   '  i ''  c
 '   ' 2   '' 2



1

1

2

2

2

1

2

This can be re-written as:

2

2

1

1

2

2

2

2

k x  k x'  ik x''

k x' 







1

2 2
 ' ' ' '
 1  2 1   2  1 '  2''    1'   '2

 
c

 
2

'' 2 
2

1

2



with

(2.16)
1

k x'' 



  ' 2 ''  2  '
 
   '2
c  1 2   1

After a first order binomial expansion:

k x'



 
2

'' 2 
2

1

2





 1'  2'

c

 1'   2'

and

k x''

'
''
 1  2

c  1'   2'

(2.17)

Figure 3 plots the real component of the dispersion relation of the SP at an air / aluminum
interface.

Figure 3: Dispersion curve of a surface plasmon at the interface between air and aluminum (blue)
and light dispersion in air (red)
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The upper blue line represents the dispersion of light inside the metal whereas the lower blue line
represents the SP polariton propagating along the interface. For low kx the dispersion relation of
the SP approaches the light line in the dielectric (red line) but remains larger than


c

. Therefore,

the SP cannot reradiate into air, they are “non-radiative”. At large kx the group velocity as well as
the phase velocity of the SP goes to zero and the SP is a localized fluctuation of the electron
plasma.

2.1.2

Extension and propagation length

Spatial extension of the surface plasmon polaritons (SPP)

The wave vectors kz1 and kz2 are purely imaginary so that the amplitude of the SPP decays
exponentially normal to the interface. The spatial extension of the SPP is characterized by its
skin depth, defined as the attenuation length li at which the electromagnetic field falls to 1/e.
l1 

c

 1'   2'



 1'

in the dielectric and l 2 

c

 1'   2'



 2'

in the metal.

(2.18)

For long kx, the skin depth is small and the SPs are strongly concentrated near the surface in both
media.
For low kx, the electric field in the air has a strong component along the z-axis compared to its
10

longitudinal component along the x-axis, and extends far into the air. In the metal, Ez is small
compared to Ex.

Propagation length of the SPP

The intensity of the SPP decays as e 2k x x along the x-axis and the length at which its intensity
''

falls to 1/e is: Lc 

1
2k x''

.

(2.19)

The absorbed energy heats the films up.
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2.1.3

Surface plasmons on thin metallic films

We consider a thin metallic slab of thickness d surrounded by two lossless dielectric media.
Since s-polarized wave cannot excite the surface plasmons on smooth interfaces we consider the
p-polarization.

dielectric 0
0

metal

+

+

+

-

-

-

+

+

+

-

-

-

x
d

dielectric 2
z

Figure 4: Configuration for a metallic slab of thickness d between two dielectric media
The plasmon mode is called „supported‟ if the dielectric functions of the surrounding media are
different:

0  2

. It is called „bound‟ when the surface plasmon k-vector is larger than the

light k-vector in the surrounding media (the plasmon cannot re-radiate and there is no radiation
loss), and „leaky‟ when the k-vector is smaller than the wave vector in any of the surrounding
media.
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r01
d

0

t01

1
r12

2
Figure 5: Illustration of the calculation of r012
The field reflection coefficients at each interface are calculated using Fresnel‟s equations for ppolarized light:
k
k 
r01p   z 0  z1 

1 
 0
p
t 01
 1  r01p

and

 k z 0 k z1 

  r10p




1 
 0

and

k
k 
r12p   z1  z 2 


 1 2 

 k z1 k z 2 





 1 2 

(2.20)
(2.21)

p
t12
 1  r12p
2


With k x2  k zi2   i   with
c

i  0,1,2

from equation (2.8)

The total reflection coefficient is:



r012  r01  t 01r12t10e i 2  t 01r12 2 r10t10e i 4  t 01r12t10e i 2 r12 r10e i 2

with   k z1d

<1
r012  r01  1  r01 r12 1  r01 



e i 2

1  r12 r10e i 2



 r01 

1  r r

2
i 2
01 12 e
1  r12 r01e i 2
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2



 t 01r12t10e i 2 r12 r10e i 2



3

 ...

r012 

r01  r12e i 2

1  r12r01e i 2

with   k z1d

(2.22)

The dispersion relation corresponds to a null denominator: 1  r12r01e i 2  0

(2.23)

The new resonant wave vector along the interface is k 0x  k x where k 0x is the resonance position
for two semi-infinite media.

For an unsupported metal film (two identical surrounding dielectric media), and assuming small
k x (or e i 2  1 ), we perform a first order approximation of equation (2.8):
k zi  k zi0 

k x0
k zi0

k x

(2.24)

In the region of resonance, for  1  1 and  1''   1' the reflectivity coefficient is:

(2.25)
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The term k x can be approximated for e 2ik x d  1 by:

 2
k x  
 c 1   1'


 ' 
 1 
 '

 1  1 



3

2

e

 2 k x0 d


 p 0
 r01k x



r01p 

with

a 2   02
a

2

  02

 

i

2a 0
a 2   02

(2.26)

 

a    1'  0  1   0

0
The term k x has a real part that stands for the displacement in the resonance position k x while
0
its imaginary part causes an additional damping term rad to its damping term i  Im{k x } :













kx  kx0  kxrad  kx'  Re kxrad  ikx'  i Im k xrad  k x'  Re k xrad  i  i  rad 

(2.27)

The reflection reaches its minimum zero for rad  i .

2.1.4

Surface plasmon excitation

We consider the incoming light traveling from the air to the air / metal interface. The SP
supported at this interface has a longer wave vector than the light propagating in air for any
direction. Therfore the SP wave vector is much longer than the component kx,photon of the photon
along the interface, which is described by: k x, photon 

 sin 
, θ being the incident angle.
c

Therefore, it is impossible to satisfy the boundary condition on the tangential component of the
wave vector at the interface and the incident light from air cannot couple into a SP at the air /
15

metal interface. Indeed the difficulty in exciting SPs results from the larger SP wave vector
compared to the light wave vector (its dispersion curve is right from the light line) (Figure 3).
For that same reason, the SP at the smooth air/metal interface cannot re-radiate into air.

In order to increase the light wave vector by k x  k sp  k x, photon and satisfy the above boundary
condition to create surface plasmon resonance (SPR) two different techniques exist: the
attenuated total reflection via prism coupling and the grating coupling.

2.1.4.1 Prism coupler
The prism coupling technique –also called attenuated total reflection (ATR) – occurs in two
different configurations: in the Otto configuration, a metal slab is sandwiched between two
different dielectrics and in the Kretschmann-Raether configuration, a dielectric is sandwiched
between a dielectric with a higher refractive index and metal (Figure 6). Let us consider the
lower refractive index medium is air.
Both configurations consist in exciting a SP supported at the metal/air interface with photons
traveling from the higher refractive index dielectric. The light wave in the higher index dielectric
and the evanescent SP wave can interact if the amplitude of the SP is high enough at the
dielectric/air interface for the Otto configuration and at the dielectric/metal interface for the
Kretschmann-Raether configuration (Figure 6). Therefore, in the Otto configuration, the metal
slab has to be thin enough to have a non-negligible component at the dielectric / metal interface;
and in the Kretschmann-Raether configuration, the air slab has to be thin enough.
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0: dielectric

0: dielectric

(index: n)
1: metal
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1: air

-
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+

-

-

-
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2: air

-

-

-

+

+

+

-

-

-

2: metal

Figure 6: Attenuated total reflection setting
(a): Kretschmann-Raether configuration. (b): Otto configuration

Figure 7 plots the dispersion relation of the surface plasmon at the metal/air interface as well as
the light propagating in air and in the dielectric.
ωp

ω=(c/n)(k/sinθ)

ω=(c/n)k
ω=ck
ωlight

kx
Figure 7: Dispersion curve of a surface plasmon at the air/metal interface (blue) and light lines in
air (green) and in the dielectric (red)
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The dispersion curve of SPs propagating at the metal/air interface is below the light line in air.
Therefore, light propagating in air cannot excite such SPs, since the boundary condition on kx is
not satisfied. Light propagating in a medium with a refractive index n>1, however, has a higher
wave vector and its dispersion relation line crosses the SP dispersion curve. Thus it can excite
the SP at the metal/air interface. So for any given wavelength of light which corresponds to a
frequency ωlight <

 plasmon

there exists an incident angle θ inside the dielectric where the

2

tangential component of the wave vector of light equals the SP wave vector (orange dot on
Figure 7). There, the boundary condition is satisfied and so it is known as the surface plasmon
resonance (SPR).
Usually the high refractive index medium is a prism and Snell‟s law at the prism interface with
air dictates the angle of incidence inside this medium. The SPR occurs when the reflection at the
interface of the prism and total reflection R from equation (2.24) is minimal.

2.1.4.2 Grating coupler
We instead consider a one-dimensional sinusoidal phase grating patterned on the metallic surface
(Figure 8). The grating index varies sinusoidally between its low and high refractive indices nlow
and nhigh.
Grating

x

Substrate

nhigh
x

nlow
z

Figure 8: Schematic cross-section (left) and index profile (right) of a 1D sinusoidal phase grating
18

Such a grating allows for conservation of momentum. The boundary condition is satisfied when
the SP wave vector matches the addition of the wave vector of the incident light and any multiple
of the Bragg vector, kgrating, associated to the periodicity of the grating at the metal/air interface:
k SP  k x, photon  nk grating

with

k grating 

2
a

k x, photon 


c

(2.28)
sin 

a: the period of the grating
θ: the angle of incidence of the incoming light

Figure 9 illustrates the different 1D sinusoidal phase grating coupling possibilities corresponding
to different conservations of momentum. Coupling occurs at the intersection of the SP curve and
the different translations of the incident light lines by a multiple of kgrating.

ωp

kx
kgrating

Figure 9: illustration of grating coupling using dispersion curves (SP in blue)
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By replacing the one-dimensional sinusoidal phase grating by a two-dimensional sinusoidal
phase grating the continuity of the tangential wave vector at the interface can be written as:

kSP  k//, photon  nkx  mk y

with

kx 

2
2
and k y 
a
b

k //, photon is tangential component of the incident wave vector
(i.e. the projection of the wave vector on the interface)
a,b: the periods of the grating in the x,y directions
respectively

More intricate designs, like a square grating, can be written as a superposition of sinusoidal
gratings. Thus the wave vector of light impinging from air can be increased by a multiple of the
harmonics of the grating at the metal/air interface (see part 2.4).
The grating can therefore be used to satisfy the wave vector continuity and couple the incident
light from air into the SP first and then again to couple the SP back into light inside the
absorbing semiconductor (nitride compound).

2.1.5

Localized surface plasmons and field enhancement

Whether prism coupling or grating coupling is used the SP amplitude is maximum when the total
reflectivity R is minimum and the incoming light couples into SPP. The field enhancement is
defined as the ratio of the SP magnetic intensity at the surface on the air side over the incoming
field intensity for transverse magnetic (TM) polarization. Depending on the configuration
20

medium 1 is air (Otto configuration) or metal (Kretschmann-Raether configuration) -Figure 6.

For the prism coupling technique the field enhancement can be expressed as:

TH  t012 
2

t01p t12p eikz1d1
1  r01p r12p e2ikz1d1

(see Figure 6 for subscripts)

(2.29)

p
with t 012 : the Fresnel transmission coefficients for a three layer system

Using the expressions of rij p , t ij p and k z1 from equations (2.20), (2.21) and (2.24):
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1
1
p  ik z 1d1  1 2 
TH   2t01 e


0
rad
c

 1   2  1   2 k x  k x  k x



3







2

2

2
    1 
1
 
TH  4   t01p e 2ikz1d1  1 2  

0
c
 1   2   1   2  k x  k x  k xrad
2







0
rad
The maximum enhancement TH,max occurs for k x  k x  Re k x

And

with

a 2  1'  0  1   0

(2.30)

2


(2.31)

The reflectance, transmittance and absorbance curves have been plotted in section 3.1.2 for a
three layer air / aluminum (100 nm) / GaN system.
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2.2

Surface plasmons on rough films

Rough films can be expressed as a superposition of different period gratings whose amplitudes
are determined as the different components of its Fourier transform.
In [35] Kretschmann introduced a statistical correlation function to define rough surfaces:
G( x, y ) 



1
z ( x' , y ' ) z ( x' x, y ' y )dx' dy '
A

with

z ( x' , y ' ) : the height above the average height at the position ( x' , y ' )

A

A : the studied area

G measures the correlation between the heights of two point spaced by (x,y).
The function is assumed to be Gaussian:
 r2 
G( x, y )   2 exp   2  with
  

δ: the root mean square height
r: the distance from (x,y)
ζ: the correlation length

Its Fourier transform is G defined as: s(ks ) 
2

  2 ks2 
1 2 2
  exp  
 and represents the amount
4
4 


associated to each spatial frequency ks that participate in coupling a SP. Each frequency
appearing in the Fourier transform corresponds to a spatial period of a grating that has a narrow
set of angles for SPR. The superposition of various frequencies widens the coupling angle range.
Thus, a random rough surface has a broad coupling angular range.
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For the same reason SP supported on a rough surface radiates back due to scattering. From the
surface scattering theory of light developed in [36] the scattered intensity can be written as:



I  dI  I 0



4 0  4 p 2
t
W
cos  0  4 012

2

Gk s  d
2

(2.32)

where dI is the intensity per solid angle dΩ and I0 is the incident intensity

2

W is the radiation pattern for a single dipole at the metal/dielectric interface and can be

expressed as:
W

2



 A ,  1 sin 2   1  sin 2  /  1


with

A ,  1  



1/ 2

 sin  


2

(2.33)

1 1

4
 1  1 1  tan   1

ψ: the polarization state
θ: is the angle from the interface surface normal in the incidence plane

Thus, the scattered light is directly correlated to the roughness.
2

Transverse electric (TE) or s-polarization corresponds to ψ=0 and W  0 and therefore TE light
is not scattered.
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2.3

Surface plasmon through a hole in a real metal

Extraordinary optical transmission (EOT) through subwavelength size hole in a metal layer was
discovered in 1997 by T. W. Ebbesen et al. [37] and has been under investigation since [5, 13,
38-43]
The shape of the hole was found to influence the intensity the resonance wavelength and the
polarization of the transmitted wave. Elliptical and rectangular holes have undergone more
detailed investigations [44-46]. Particularly a red-shift was observed after decreasing the hole
width.

Rectangular hole
The transmission of light through a subwavelength rectangular hole has been calculated
assuming low effective index [19].
The propagation constants of the different modes inside the holes are calculated using a modal
expansion of the electromagnetic field. The consequences of having a real conductor instead of a
perfect conductor were modeled using the surface-impedance boundary conditions (SIBC) and
an effective index mode calculation. The SIBC theory is developed in details in [47]. Accurate
results were obtained by considering only the first TE eigenmode.

Therefore the electric field at the hole entrance (at z=0) and at its exit (z=h) can be approximated
to their projections along the TE polarization with the respective modal amplitudes E and E‟:
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E z  0  E TE and E z  h    E ' TE .

Let us consider and incoming plane wave whose electric field is parallel to the y-direction
(Figure 10).

E
k

Figure 10: schematic of a hole in a metallic slab

The field amplitudes E and E ' are coupled through the system:

G  E  GV E'  I 0

and

 GV E  G  E'  0

(2.34)

where I0 is the overlap between the incident plane wave and the TE eigenmode inside the hole.
GV is the coupling between the two sides of the hole (at z=0 and z=h) and depends on qz
(the propagation constant of the fundamental TE mode inside the hole)
∑ is the self-energy
G controls the self-illumination of the hole: its real part represents the coupling to
evanescent modes in vacuum and its imaginary part stands for the radiative modes.
Also, note that GV and ∑ depend only on the characteristics of the TE mode inside the hole.
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For an illumination with an incident angle θ:
 2

sin c
a y sin  
2
4 2


 with Z  1 : the surface impedance of the metal
I0 
S
i 1  Z S 
cos 


GV 

2iYTE

eiqz h 1  Z S YTE   eiqz h 1  Z S YTE 

  iYTE

2

2

with YTE 

qz 
: the admittance of the fundamental TE mode
2

e iqz h 1  Z S YTE   e iqz h 1  Z S YTE 

e iqz h 1  Z S YTE   e iqz h 1  Z S YTE 
2

2

  2  2

    k x2   2 
  
ia x a y
 
   
G
dk x dk y   
 2


2

k


z


 Zskz
8 2   

 
  



 2 
2
2
kz  
  kx  ky
  
2



(2.35)


  sin c 2  k y a y
 2





 
k a  
 k a   
  sin c x x
  sin c x x

2
2




 

2



The perfect conductor case, which was developed also in [48], corresponds to: ZS=0.
Therefore GV and  simplify as GV 

 2    
And q z  
 
    a x 
2

2iYTE
YTE
and  
.
sin q z h 
tanq z h 

(2.36)

2

for the perfect conductor.

(2.37)

The propagation constant for the fundamental TE mode for a real metal has been investigated
using the effective index approach [49] to explain the red shifted maximum transmission when
the hole size was decreased observed experimentally [14]. Gordon et al. identified two origins
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for the red shift: the penetration of the EM field into the metal along its length l=ax that makes
the hole appear larger and the coupling into SP along its width w=ay. Their approach was to treat
the lowest-order mode in two steps by using the effective index method. The 2D problem is
broken into two 1D problems. The structure is divided in 9 regions (Figure 11). This method is
only an approximation for real metals but gives satisfying quantitative results for good metals
such as aluminum.
ax

ay

Region 1

Region 2

Region 3

Region 4

Region 5

Region 6

Region 7

Region 8

Region 9

Figure 11: effective index method layout

First, the structure is sectioned into three slab waveguides each with thickness ay (Figure 12).
II.

I.
Region 1

ay

Region 4

Region 7

III.
Region 2

ay

Region 3

Region 5

ay

Region 8

Region 6

Region 9

Figure 12: layout of the three separate slab waveguides
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They determine the effective indices of the three waveguides. Here only waveguide II has to be
solved because waveguides I and III are just composed of metal. Then they use the three
effective indices to constitute another slab waveguide of thickness ax (Figure 14).

First step: solving the TM mode of an air slab of width w=ay in the metal and calculate an
effective dielectric constant εd.
The propagation constant TM is described by:

Metal: ε

a

Air

w = ay

 tanh

y

 2


2
 2  
 
   

 TM 2  

Metal: ε

 2 

  

2

 TM 2   

 2 

  

2

 TM 2  

(2.38)

Figure 13: TM mode sub-problem

2



The effective dielectric function is expressed as:  d    TM  .
 2 
 

(2.39)

Second step: finding the TE mode propagation constant of a slab with the dielectric constant εd in
the metal. The propagation constant calculated using the effective dielectric constant which is the
final corrected propagation constant for the rectangular hole configuration (  TE  q z ) satisfies
the equation:
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Metal

Effective

Metal

ε

dielectric

ε

 2 
2
qz    
  

2

2
a

 2 
2
tan x  d    q z  
 2

2
  
 2 


 d    qz 2
  

(2.40)

l = ax

Figure 14: TE mode sub-problem

Using this approximation the absorption is neglected but the EM penetration into the metal and
the SP existence are taken into account.





*
The normalized-to-area transmittance is expressed as: T  GV Im E E '

The transmittance peak appears when the EM energy at the hole entrance and exit are equal:

E  E ' . That corresponds to G    GV and leads to 2 ReG  

G  YTE2
2

YTE

tanq z h  .

The maximum of the transmission normalized to the hole area is expressed as:

Tmax 

I0

4 ImG 

 E max  E ' max
2

2

(2.41)

I0 and therefore the normalized-to-area maximum transmission are inversely proportional to ax2.
The total amount of light emerging is then independent of the short side length.
The square hole is a particular case and enables us to get the same transmission for TE and TM
modes.
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2.4

Surface plasmons enhanced transmission using metallic gratings

In their Nature article [37] Ebbesen et al. report a transmission efficiency through a periodic
array of subwavelength sized cylindrical holes in metal above unity when normalized over the
open surface area. After performing the same measurements on similar hole arrays in germanium
they didn‟t observe enhanced transmission and suggested the coupling of light with surface
plasmons as a cause of EOT.
As aforementioned in section 2.1.4.2, a grating surface can be decomposed into a sum of its
harmonic components. In order to get a better grasp of the photon – SP coupling we first analyze
a single harmonic, in other words a one-dimensional sinusoidal grating.
The simplest grating is a 1D sinusoidal grating described by: S ( x)  h sin2 ax and the SP can be
excited when k SP  k x, photon  nk grating (cf. part 2.1.4.2). Any 1D rectangular grating can be viewed
as a sum of sinusoidal components: S ( x)  2 



 n sin2nx  and offers a range of wave

4

1

n 1

vector matching solutions.
A similar understanding can be gained from the Fourier series expansion of any 2D grating. Yet
this method does not provide a quantitative efficiency of coupling.
Modal expansion formalism has been computed in order to predict the transmission through
holes and dimples in a real metal film [50]. Yet the main drawback is the approximative results
of the modal expansion se rely on some very specific assumptions (the SIBC, surface impedance
boundary condition) and are not applicable to all gratings. It also relies on knowing the overlap
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between plane waves and waveguide modes but this is known only for specific waveguide
shapes and not any arbitrarily shaped waveguide.
Perez et al. have shown that such films transmit scatter about 30% of light into SPPs in the
transmission region. They compared the dimple and hole cases and found that they
approximately scatter the same amount of SPPs back into light provided the dimple depth is
larger than its radius.
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3. CHAPTER THREE: SIMULATIONS
Several theories have been used to model subwavelength patterned metal surfaces but only a few
can be used to subwavelength metallic gratings.
The Mie theory [51] calculates the scattering of an incident plane wave by a spherical nonmagnetic isotropic particle in an isotropic non-absorbing medium. It is very fast but can only be
applied to single spherical particles or coated spheres and neglects any substrate interaction [52].
The „T-Matrix‟ (transition matrix) null-field method –whose derivation is developed in [53]‒
applies to an array of symmetric particles. Therefore, a wide range of particle geometries can be
calculated and a substrate interaction can be accounted. It is very fast but can requires the
inversion of ill-behaved matrices (whose determinant is close to zero) and thus become
numerically unstable when used to model thin flat objects.
The discrete-dipole approximation (DDA) can be used for any particle shape. It divides the
particles in a finite number of dipoles interacting with the incident light and the neighboring
dipoles. The scattering efficiency is calculated by expressing the radiated field from each dipole
and their interaction with one another. Fast and efficient algorithms have been developed to
solve the coupled equations [54]. Yet this technique is only applicable to low aspect ratio
particles with low refractive indices. In addition, it can only account for the interaction between
two or more particles for a large array of particles.
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These three techniques are fast and accurate but cannot be used of the calculation of the fields for
arrays of arbitrarily shaped particles.
The finite element method (FEM) and the finite difference time domain (FDTD) are two
numerical techniques that can be used: they are versatile and can be applied to any geometry but
the discretization in space and time need to be chosen carefully. They both require a high CPU
speed and RAM.
The FEM relies on the discretization in space of Helmholtz wave equations:
⃗

⃗

⃗

(3.1)

⃗⃗

⃗⃗

⃗

(3.2)

( )

( )

( )

(3.3)

The spatial grid needs to be thin enough to resolve the smallest features, but not too small so that
the computation time is reduced. The boundary conditions at the edges of the computation
domain need to be thought of carefully: for a periodic array, a single unit cell can be designed
with periodic boundary conditions along the lateral edges of the computation domain and with
perfectly matched layer (PML) in the third direction so that no scattered field is reflected back
into the model.
The FDTD relies on the time and spatial discretization of the Maxwell curl equations. The
technique is detailed further on in this chapter as we used it to design our meshes.
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The rigorous coupled wave analysis (RCWA) developed by M.G. Moharam [55-60] can be used
together with the S-matrix technique to calculate the fields through 2D metal meshes.

3.1
3.1.1

Analytical simulations

Semi infinite planar interfaces

For comparison, calculations were carried out to determine the transmission into GaN from air
with or without a uniform aluminum film on top of it. As such, only planar surfaces are
considered and the Fresnel coefficients can be used. The TE and TM transmittances at the
interface between two semi-infinite media air and GaN are plotted on Figure 15.

Figure 15: Transmittance values for an air-GaN interface for TE (top) / TM (bottom)
polarizations
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The maximum TE (82%) transmission occurs at normal incidence whereas the maximum TM
transmission reaches 100% at the Brewster‟s angle.

To compare with the FDTD simulations, in which a detector was placed 95 nm from the
interface, we calculated the transmittance of a 365 nm plane wave impinging from air into GaN
(Figure 16).

Figure 16: TE and TM transmittances at 365 nm calculated 95 nm into GaN for normal incidence
from air (plain lines)

The normal incidence transmission spectrum was also calculated for further validation of the
FDTD model (Figure 17).
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Figure 17: Normal incidence transmittance 95 nm into GaN as a function of incident wavelength

Using the dispersion relation developed in the first chapter, we also plotted the dispersion curves
of the surface plasmons at the interfaces between air and aluminum and between GaN and
aluminum. We used the n and k values from Palik for aluminum and GaN (Figure 18) available
for wavelength ranging from 300 to 800 nm. The plain blue curve represents the surface plasmon
at the interface between aluminum and GaN while the red one illustrates the surface plasmon at
the interface between aluminum and air. The light lines in GaN and air are respectively the blue
and red dotted ones.
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Figure 18: Dispersion curves of surface plasmons at the interface between two semi-infinite
media: air / Al (red) and GaN / Al (blue)

Figure 19 illustrates an imaginary coupling-outcoupling mechanism using the calculated
dispersion curves for a normal incidence plane wave impinging from air with a 300 nm
wavelength regardless of its efficiency. The incident wave is represented by the red dot on Figure
19; it belongs to the air light line and corresponds to a

rad.s-1 angular frequency. It can

be coupled into a surface plasmon at the aluminum/GaN interface using a 300 nm period
aluminum grating. The associated surface plasmon is illustrated by the blue dot, its wave vector
is: k SP  k x, photon  2k G . The surface plasmon then re-radiates into GaN at a 54o angle. The
green dotted line represents the light in GaN at a 54o incidence after a translated of one grating
vector: k SP  k x, photon  k G .
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300 nm

𝑘𝐺
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𝑚−

𝜋
300 𝑛𝑚

365 nm

Figure 19: Illustration of the coupling – out-coupling mechanism for a normal incidence plane
wave at 300 nm
A similar mechanism is illustrated on Figure 20 for a 300 nm plane wave with a 20o incident
angle. The grating period used is 254.5 nm and the exit angle of the light into GaN is 47.5o.

Figure 20: Coupling - reradiating mechanism scheme for a 20o incidence plane wave at 300 nm
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These two figures are only intended to better understand the coupling and out-coupling between
light and surface plasmon mechanisms. The figures do not provide any quantitative values since
we expressed the necessary conditions for coupling mechanisms but did not express the coupling
efficiencies.

3.1.2

Three layer system

The reflectance for a three layer structure, in which a 100 nm thick aluminum slab is sandwiched
between air and GaN, has also been simulated for a 365 nm plane wave impinging from air
(Figure 21).

Figure 21: Reflectance, absorbance (left) and transmittance (right) values for a 365 nm plane
wave illumination
As expected a 100 nm thick Al film behaves as a mirror. Less than 1/1,000,000th of the light
would be transmitted if a 100 nm thick aluminum were to be used as a full contact on top of our
devices. However, it can be increased to almost 100% by patterning the same metallic films with
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subwavelength patterns. The RCWA and the FDTD are used to design these subwavelength
patterns.

3.2

The rigorous coupled wave analysis

This method can be applied to analyze infinite 2D periodic structures involving dielectric or
lossy materials and multilayer layer structures.

3.2.1

The principle

This analysis relies on a fundamental principle: the electromagnetic field F in a periodic medium
has the same periodicity as the medium. F stands for the electric / magnetic field for the TE / TM
polarization respectively.

We consider a two dimensional system composed of three regions (Figure 22):
- the semi-infinite input region (air) in which the reflected field FR propagates
- the metallic grating containing the grating field FG. The metallic grating consists of parallel
metal lines with a width w, a thickness d and a period L
- the substrate (sapphire or GaN) where the transmitted field FT is expressed
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Figure 22: Simulated system

The permittivity of the grating is periodic and can consequently be written as a Fourier series:

( )

∑

(3.4)

−

For our simple grating made out of a single metal:

0

(

)

(

)

(

⁄ )

(3.5)

The field distribution in all three regions should have the same periodicity L as the grating and
can be expanded as a Fourier series with the periodicity of the grating. Maxwell‟s equations are
solved and the boundary conditions are applied at each interface to calculate the coefficient of
the different harmonics.
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−

The normalized incident field can be written as:

0

(

)

In all three regions, the periodic fields can be expanded into Fourier series.
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Additionally, the input and output regions are homogeneous. Therefore the space harmonics are
plane waves:
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( )

This leads to:
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(3.9)
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(3.10)

For TE polarization:

⃗

For TM polarization:

⃗

∑

( )

−

√

∑

−

( )

−

−

Typically, one cannot consider an infinite number of harmonics and instead must truncate the
infinite sum ∑− () by a finite sum ∑− (). N is an integer and M=2N+1 is the number of
harmonics. The larger N is, the more accurate the results but the longer the computation time.

Using Maxwell‟s equations Moharam et al. derived a system of coupled equations for both TE
and TM cases.



TE case

Written in matrix form and using the dimensionless variable
⃗⃗⃗⃗ ( )

⃗⃗⃗⃗ ( )

⃗⃗⃗⃗ ( )

0

these equations are:
]⃗⃗⃗⃗ ( )

[

0

−

(3.11)

−

−

−

−

0

−

0

0

[

−

−

]
[
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0

]

This leads to:
⃗⃗⃗⃗ ( )

Assuming a solution written as ⃗⃗⃗⃗ ( )

⃗⃗⃗⃗ ( )

−

(3.12)

, the equation becomes:
⃗⃗

The problem consists in finding the eigenvalues

⃗⃗

(3.13)

of the matrix , calculate

√

and the associated eigenvectors⃗⃗⃗⃗ . There are M eigenvector-eigenvalue pairs.

The general solution is a superposition of these pairs:
(⃗⃗⃗⃗

⃗⃗⃗⃗ ( )

−

( −

⃗⃗⃗⃗−

)

)

(3.14)
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−
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(3.15)
[
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)

( −

)

]

−

−

[
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]

)

(3.16)

−

⃗⃗⃗⃗

[

⃗⃗⃗⃗⃗⃗−

]

[

−

]

The magnetic field is then expressed as:
⃗⃗⃗⃗ ( )
0

(3.17)
*⃗⃗⃗⃗

⃗⃗⃗⃗ ( )

−

( −

⃗⃗⃗⃗−

)

+

The constant vectors ⃗⃗⃗⃗ and ⃗⃗⃗⃗− are determined after writing the boundary conditions applied on
the tangential fields T the two interfaces z=0 and z=d:
2
[
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]
][
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]

0
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]
⃗⃗⃗⃗

]

2

(3.18)

⃗⃗⃗⃗0
[ ]
−

The reflectance and transmittance are then expressed as:
|⃗ |

R

|⃗ |

T



| [⃗⃗⃗⃗

⃗⃗⃗⃗− ]

| [ ⃗⃗⃗⃗

⃗⃗⃗⃗0 |

(3.19)

⃗⃗⃗⃗− ]|

(3.20)

TM case

The final coupled equation is written as:
⃗⃗⃗⃗ ( )

⃗⃗⃗⃗ ( )

−

−

[

]

(3.21)

And the general solution is:
⃗⃗⃗⃗ ( )

and

−

(⃗⃗⃗⃗

−

⃗⃗⃗⃗−

( −

)

)

(3.22)

are the matrices of eigenvectors and eigenvalues defined as in equations (3.16)

and (3.15) and w-q are the eigenvector-eigenvalue pair of the matrix B.
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3.2.2

The 1D grating results

The 1D binary grating from Figure 22 has been modeled using a 300 nm normal incidence plane
wave. The transmittance and reflectance were calculated for both TE and TM polarizations using
a 50% duty cycle for the grating and varying its period.
First, a convergence study (Figure 23) was carried out to determine how much harmonics should
be used. On one hand, a large number of harmonics results in a more accurate reproduction of
the grating profile and therefore should lead to more accurate results. On the other hand, a large
number of harmonics signifies a larger number of calculations and more calculation errors are
carried out. More important still is the larger computational time required for the additional
harmonics.
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2×4+1 harmonics

2×6+1 harmonics

2×8+1 harmonics

2×10+1 harmonics

----- reflectance
----- transmittance

2×50+1 harmonics

Figure 23: Convergence study for TE (left) and TM (right) polarizations for a 300 nm normal
incidence plane wave
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It does not appear necessary to use a large number of harmonics. For the rest of the simulations
N=10 was chosen, corresponding to a total of 41 harmonics.
The depth of the grating and the period were varied for TE (Figure 24) and TM polarizations
(Figure 25).

Figure 24: 300 nm TE transmittance and reflectance graphs for various 50% duty cycle gratings
with different depths and periods
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Figure 25: 300 nm TM transmittance and reflectance graphs (left) and their sum (right) for
various grating depths and periods

As expected, the TE curves do not exhibit any special behavior since TE light cannot be coupled
into SPs. In contrast, the SP coupling is obvious for the TM polarization for periods approaching
200 nm. We especially notice that a 50 nm deep grating with a 50 % duty cycle and a 187 nm
period presents a zero reflection. Note also that the transmission peak does not occur exactly at
the period but for a 194 nm instead.
Figure 26 shows the TM magnetic field close to the grating and further propagated into sapphire
for these two sets of parameters for a 300 nm normally incident plane wave.

50

L = 187 nm

L = 194 nm

air
Aluminum
grating

sapphire

Figure 26: TM field for L=187/194 nm, d=50nm and DC=50% at 300 nm (zero reflection)
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Figure 27 shows the TM field of the same structure (with a transmission peak at 300) for a 350
nm incident wave (off-resonance).

Figure 27: TM field for L=194nm, d=50nm and DC=50% at 350 nm (off resonance)

We can observe in Figure 26 that the maximum transmission corresponds to a constructive
interference of the re-radiating field in sapphire which propagates far from the interface. When
used off-resonance though (Figure 27) the transmission drops as the distance from the grating
increases. We then observe the interference of the evanescent diffracted fields in sapphire where
there is no out-coupling into propagating light in sapphire.

For comparison with Figure 25 we also plotted the reflection and transmission at 300 nm for
uniform Al films with various film depths (Figure 28). Note that the reflectance of bare sapphire
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is 8%. In addition, a 10 nm thick aluminum film on top of sapphire reflects 60% of the light and
transmits only 31.1% into sapphire.

Figure 28: Reflectance and transmittance of plain Al films with various depths at 300 nm

Two transparent contacts commonly used in industry for GaN blue or UV devices are Ni/Au and
Indium Tin Oxide (ITO), although these are not strictly transparent (Figure 29). Their respective
transmittances are 67% and 52% and drop for shorter wavelengths.

Figure 29: Normalized optical transmittance as a function of wavelength for Ni (5 nm)/Au (10
nm) and ITO (2300 nm) from [3]
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To get a quantitative comparison at the wavelength of interest the transmittances of different
Ni/Au films were calculated at 300 nm (Figure 30).

Figure 30: Reflectance and transmittance of plain various Ni/Au „transparent‟ contacts at 300 nm

A Ni/Au 1/1 nm film would transmit only 83% of the light while the 50 nm deep Al grating with
a 50% duty cycle and a 186 nm period peaks at 89% (Figure 25). Additionally the Ni/Au 1/1nm
films have high sheet resistance. Also, as mentioned earlier, the UV nitride devices are made out
of AlGaN with a higher composition to get deeper into the UV wavelengths. Yet those high Al
compositions AlGaN films present rough surfaces. Therefore, it requires thicker metal films to
avoid any discontinuity and ensure good current spreading. . The standard film used is Ni/Au
5/5nm to ensure a good spread of the current but from the calculation it transmits only 61 % of
light at 300 nm.

The reflectance of the 50 nm deep Al grating with a 50% duty cycle and a 186 nm period was
found to be zero but the transmittance peaks at 89%. In an attempt to increase the transmittance,
the calculations were performed for different duty cycles, depths and periods of the grating. Only
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the TM case results are presented since it has already been established that the parallel line
gratings did not affect the TE polarized transmittance in a positive manner.
Figure 31and Figure 32 show the TM reflectance at 300 nm and 365 nm for various depths, duty
cycles and periods of the grating. Different combinations of parameters resulted in zero
reflection (Table 1 and 2).

50 nm depth

60 nm depth

Figure 31: TM reflectance at 300nm for various grating depths, duty cycles and periods

Table 1: Combination of parameters for a zero reflectance at 300 nm
Depth (nm)
50
50
50
60
60
60

Period (nm)
187
230
270
180
210
240
55

Duty cycle (%)
50
40
30
90
60
50

70 nm depth

80 nm depth

90 nm depth

100 nm depth

Figure 32: TM reflectance at 365 nm for various grating depths, duty cycles and periods

Table 2: Combination of parameters for a zero reflectance at 365nm
Period (nm)
70
70
70
80

Depth (nm)
270
330
360
360

Duty cycle (%)
40
30
20
20

Therefore, depending on the wavelength we want to target we have various sets of grating
parameters to choose from. For grating thicknesses of 90 nm and over, the zero reflection occurs
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for periods smaller than 150 nm. It is not worth investigating these due to the consequent
fabrication challenges.
We also calculated the transmittances corresponding to Figure 31 and Figure 32 (Figure 33).
50 nm depth

60 nm depth

70 nm depth

80 nm depth

90 nm depth

100 nm depth

Figure 33: TM corresponding transmittances at 300 nm for the gratings from Figure 31 and at
365 nm for the gratings from Figure 32
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The duty cycle is the least reproducible parameter to control during fabrication due to the high
proximity effect of the e-beam exposure. Because of this, we calculated the duty cycle
dependence of the transmission and reflection for the optimized gratings.
Figure 34 shows the duty cycle dependence of the transmittance and reflectance of the three
optimized 50 nm deep grating from Table 1.

d = 50 nm

d = 60 nm

Figure 34: Reflectance and transmittance as a function of the duty cycle for six high
transmittance meshes from Table 1
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The 50 nm depth, 230 nm period and the 60 nm depth, 210 nm period gratings have high
transmissions for duty cycles varying from 10% to 50%. This dataset would constitute a very
robust option for transparent contacts insensitive to duty cycle variations within this 10-50%
range.

The angular dependence was then calculated for the TM polarization for a high transmission
mesh on top of sapphire. Figure 35 shows the reflectance and transmittance at 300 nm as a
function of the angle the incident of illumination for the 50nm thick mesh grating with a 187 nm
period and 50% duty cycle.

Figure 35: Reflectance and transmittance of a 50 nm thick binary grating with a 186 nm period
and 50% duty cycle

The angular acceptance is large compared to the (at most) couple of degrees of dielectric
gratings. This sets high hopes for future photodetectors with a larger angular acceptance.
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Knowing the spectral response of the grating is also essential. Therefore, the spectral reflectance
and transmittance were calculated using a wavelength dependent aluminum permittivity (from
Palik‟s values).

Figure 36 shows the spectral reflectance and transmittance of TM polarized light for a 50 nm
deep 50% duty cycle grating on top of sapphire a period of 187 nm (minimum reflection) and
194 nm (maximum transmission).

Figure 36: Wavelength dependent reflectance (red) and transmittance (blue) for a 50 nm deep
grating with a 50% duty cycle and a 186 / 194 nm period (left / right)

Parallel lines gratings have been designed with 100% normalized TM transmission and the
calculations can be used to check the consistency of FDTD simulations and to gain confidence in
the numerical modeling before designing 2D gratings.

60

3.3

Numerical simulations: the finite difference time domain method
3.3.1

Algorithm

We used RSoft's FullWAVE simulation tool, which is based on the Finite-Difference TimeDomain (FDTD) algorithm. The FDTD is a rigorous set of solutions of time-dependent
Maxwell‟s equations and does not use any approximations or assumptions [61]. It assumes the
simulation domain has no free charges or current flow. A wide frequency range can be covered
within a single simulation run.
Maxwell‟s equations describe the spatial and temporal evolution of the electric and magnetic
fields. Using Cartesian coordinates Maxwell‟s curl equations can be written as:
H x
1  E y E z 

  

t
  z
y 
E x
1  H z H y
  

t
  y
z

(3.23)





The same equations can be written for the y- and z- components by cyclically exchanging x, y
and z.

The FDTD technique discretizes Maxwell‟s equations spatially and temporally and solves them
numerically. In order to do so, a spatial mesh and a temporal mesh need to be defined. Most
commonly Yee‟s mesh, which is the most efficient mesh for computation time and memory [61],
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is used as a spatial mesh with respective spacing along x, y and z of x , y and z . The time is
decomposed into elementary time spacings t .
The Maxwell‟s curl equations can then be written at the mesh points as:

t  E y i, j, k , n   E y i, j, k  1, n  E z i, j, k , n   E z i, j  1, k , n 
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y

t  H i, j  1, k , n  1 2  H z i, j, k , n  1 2 H y i, j, k  1, n  1 2  H y i, j, k , n  1 2
E x i, j, k , n  1  E x i, j, k , n    z


 
y
z

H x i, j, k , n  1 2  H x i, j, k , n  1 2 

The x- and y-components can be written by cyclically exchanging (i, x ), (j, y ) and (k, z ).
The electric and magnetic fields are propagated by iteratively solving these equations in a
leapfrog manner: the electric field is calculated at t = n t and the magnetic field is computed at
t = (n+1/2) t , where n is an integer.

3.3.2

Parameter settings

RSoft's FullWAVE package provides a full-vector solution and allows a complex material
definitions, arbitrary device geometries, non-uniform grids, and measurement techniques to
create new devices and tune existing designs for specific applications. In an effort to predict the
optimum structure to enhance the light transmission, we studied various basic structures first.
Patterning a metallic square grid appeared efficient in maintaining transmission into
photodetector structures independent of the light polarization.
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3.3.2.1 Numerical parameters
The computation domain was chosen to minimize the computation time. The grating is periodic
so we chose a unit cell as the computation domain (Figure 37) and applied periodic boundary
conditions in the transverse direction.
The spatial grid size was chosen such that 24 mesh points fit in the smallest size feature and used
a uniform mesh when simply modeling aluminum meshes. Later on we took into account a thin
(5 nm) aluminum oxide layer or covered the aluminum mesh with a thin gold or silicon dioxide
layer. Using a uniform mesh was no longer possible since the computation time would have been
too lengthy and the computer memory would have been insufficient. We therefore used a nonuniform grid, fine for smaller features (Al mesh and oxide layer) and coarser for bulk materials
(air and GaN).

y

Unit cell
=
Computation domain in the
transverse direction

x

Metal Width w

Period

Figure 37: Top view schematic of the aluminum mesh design. The red square delimits the
computation domain in the transverse direction
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The temporal grid

has to be small enough to be able the resolve the oscillatory aspect of the

wave and satisfy the stability of the time-stepping algorithm.
In [61] the stability criterion is:
(

The computation time

)

(3.24)

has to be large enough so that the steady state solution is reached. The

computation time is specified as a multiple number of the temporal grid. And the computation
time is proportional to the ratio

. So if

is too small the ratio

will have to be very large to

reach to steady state solution and the simulation will require a long time. A compromise
therefore has to be found not to have too long a computation time: the time grid has to be small
enough to get a good resolution but large enough to have relatively fast simulation.
We first set

so that and then perform a simulation and then adjusted the computation time by

looking at the temporal response to know when the steady was reached.

3.3.2.2 Physical parameters
Since the problem is computed in the time domain, the dispersive aspect of the materials has to
be known over a larger range of frequencies than the one at interest.
We modeled the real metal classical frequency-dependent dielectric function using the Lorentz
model based on a five-oscillator system:
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(3.25)

2

 1
a k  1 k

with

 1  3010.241

 2  3306.548

 3  287.7859

 4  955.4493

 5  172.6716

b1  0.238032

b2  1.686484

b3  1.580129

b4  6.842161

b5  17.12819

c1  0

c 2  0.673141

c3  61.14635

c 4  83.84415

c5  309.3752

The five Lorentz oscillator model was compared to Palik‟s values (Figure 2) to validate its
consistency.
The refractive index and absorption coefficient of GaN were extracted from transmission
measurements of GaN films grown on sapphire. We plotted these values on Figure 38.

Figure 38: Wavelength dependent refractive index and extinction coefficient of GaN

To check the results of the FDTD model, we calculated the TE and TM transmittances from air
95 nm into GaN for an air GaN interface for a range of incident angle. The results are consistent
with analytical results.
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3.3.3

Comparison with the Rigorous Couple Wave Analysis

The consistency between the FDTD and RCWA methods has been investigated for 1D gratings.
Figure 39 shows various normal incidence TM transmittances of a 50% duty cycle aluminum
grating on top of sapphire at 300 nm for grating depth varying from 10 nm to 100 nm as a
function of the period of the grating using FDTD method (top) and RCWA (bottom).

Grating depths:

Figure 39: FDTD (top) and RCWA (bottom) calculated TM transmittance for a 300 nm normal
incident plane wave for 50% duty cycle gratings with varying depths and periods

The FDTD and RCWA calculations were found to be consistent with each other. This confirms
our FDTD model as an appropriate tool to model our subwavelength metallic meshes.

66

Confident that our FDTD results are accurate we modeled a 2D grating to further enhance the TE
transmission while maintaining high TM transmission in an effort to get high transmission
independently of the polarization. The model, drawn on Figure 37, consists of two
perpendicularly oriented sets of parallel Al stripes on top of GaN or sapphire.

3.3.4

Numerical simulation results of rectangular hole arrays

To design the maximum transmission meshes three grating parameters are scanned: the width
and the thickness of the aluminum lines and the period of the mesh within the ranges specified
on Figure 40:

Width
150 nm

Thickness
150 nm

30 nm

30 nm
200 nm

Period
420 nm

Figure 40: Diagram of the variables

Additionally to get a spectral and an angular dependent transmission we have two additional
variables to scan.
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Due to the lengthy computation time, we cannot afford to scan independently the five variables
and decided to follow the optimization process described on Figure 41.

2D scan of the period (from 200 nm to
420 nm) and the incident angle (from 0o
to 40o) for a given metal width and
Scan the width of the metal lines and
the period at normal incidence

Scan the thickness of the metal

Perform an angle dependant
simulation

Figure 41: Optimization Diagram

First, we focused on a 365 nm wavelength target, which corresponds to the GaN bandgap. We
first scanned the period and incident angle. Figure 42 shows the calculated transmission 50 nm
into GaN for 100 nm thick Al meshes with a 100 nm line width. As a reference, the transmittance
50 nm into bare GaN is 76%. The maximum transmittance is 71% for a 370 nm period and at a
13o incident angle. This corresponds to a 94% transparency of the mesh or normalized
transmittance (the normalization is done by dividing the transmittance by the one calculated
without any mesh). Also, the angular acceptance depends on the period and for period higher
than 270 nm the maximum transmission angle increases with the period. The grating can be
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designed for a specific angular acceptance. We also checked that the transmittances of the linear
polarizations along

and

were the same (Figure 43) for the mesh corresponding to the

maximum normal incidence transmittance from Figure 42.

Figure 42: TM Transmittance at 365 nm for 100 nm thick and 100 nm wide line meshes with
various periods.
Measurements are taken 50 nm into GaN.
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Figure 43: Normal incidence transmittances for and polarizations as a function of the mesh
period 50 nm from the top GaN interface (the dotted line is the transmittance at normal incidence
50 nm into the GaN without an aluminum mesh)

We decided to concentrate our effort on normal incidence transmittance. Figure 44 represents the
transmittance 50 nm into GaN as a function of the period of the grating and the metal lines width
for a 365 nm incident wavelength.
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Figure 44: Normal incidence transmittance for an 80 nm thick Al mesh. Measurements are taken
50 nm into GaN.

The maximum transmittance (74%) corresponds to an 80 nm thick 100 nm linewidth 340 nm
period grating. That corresponds to a 98 % (100%) normalized transmittance at 365 nm (368 nm)
as observed on Figure 45.

Figure 45: Normalized normal incidence polarized transmittance as a function of the
wavelength for a mesh with a 340 nm period a 100 nm metal line width and an 80 nm thickness

Its angular dependent transmittance was calculated (Figure 46) and was found relatively large
since its normalized transmittance is still 68% at 40o.
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365

Figure 46: polarization transmittance as a function of incident angle at 365 nm (top) and of the
wavelength at normal incidence (bottom) for a mesh with a 340 nm period a 100 nm metal line
width and an 80 nm thickness. Measurements are taken 50 nm into GaN.

We optimized the grating transparency for a 100 nm line width and observed its angular
dependence.

From Figure 44, however, there is a relatively large range of metal line widths that allow high
transparency. As a result, we targeted a finer range of variation of the period, the line width and
the thickness and we calculated the normal incidence power transmittance scanning roughly all
three variables in order to get an ensemble view on the impact of each parameter in the area of
interest (Figure 47).
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Figure 47: Normal incidence power transmittance. Measurements are taken 50 nm into GaN.

We basically have many options to get meshes that are more than 95% transparent at 365 nm at
normal incidence, compared to 75% for ITO and 60% for Ni/Au. A 60 to 70 nm thick grating
with 350 nm seems like a very good option since its transmittance is very stable in the 70 – 120
nm range for the line width. That is very important since the period and the thickness are two
easy parameters to control whereas the line width is the least reproducible parameter from a
fabrication perspective.
We focused our effort on the 300 nm wavelength since DUV LED is a targeted application kept
in mind. And current devices efficiencies drop around that wavelength as we go further into UV.
Figure 48 shows the transmittances 50 nm into GaN for different gratings with a 260 nm period.
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Thickness:

Figure 48: Transmittance as a function of stripe width and thickness for a 260 nm period and a
300 nm exciting normally incident plane wave. Measurements are taken 50 nm into GaN.

Due to the much higher absorption of GaN at 300 nm, the transmittance is lower than for the 365
nm calculations. Note that the transmittance 50 nm into bare GaN is 33%. So we still have an
84% normalized transmittance for an 80 nm wide and 65 nm thick stripes associated with a 260
nm period. This could thus serve as a good transparent contact for DUV LEDs assuming it has a
low contact resistance. Again ITO (2300 nm) and Ni/Au (5/10 nm) have transparency lower than
50% at the same wavelength.

For the 80 nm wide and 65 nm thick stripes associated with a 260 nm period, we evaluated the
surface plasmon assisted light coupling mechanism. With no SP assisted coupling mechanism,
the light transmittance would be the transmittance through an aperture whose size equals the
open area of the specific mesh. We compared this transmittance to the one of the mesh using
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FDTD (Figure 49). We calculated the ratio of the FDTD transmittance over the equivalent area
transmittance and this ratio is higher than 1 for wavelengths shorter than 360 nm. This additional
light is the surface plasmon coupled light.

Figure 49: Normal incidence transmittance 5 nm into GaN (period: 280 nm, width: 40 nm,
thickness: 90 nm).

The normalized transmittance here is the transmittance through the open areas with the mesh on.
For this high transparency mesh, we also calculated a wavelength dependent transmittance at
normal incidence (Figure 50). The calculations were performed 5 nm, 40 nm and 80 nm into
GaN and compared to those of bare GaN. From these calculations, a normalized transmittance
was determined (Figure 51).
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Figure 50: Normal incidence transmittance measured at three positions from the GaN interface
into GaN (5 nm, 40 nm and 80 nm) for a structure with or without mesh (260 nm period, 80 nm
stripe width and 65 nm thickness).

Figure 51: Normalized transmittance of the structure with the mesh over the structure.
Measurements are taken for various depths into GaN (5, 40 and 80 nm).

Very interestingly, we notice that the normalized transmittances calculated at the different depths
into GaN do not superimpose at wavelengths corresponding to GaN absorption (below 365 nm).
This is due to the presence of evanescent waves in GaN, which are the exponential tails of SPs
that do not re-radiate into GaN. This local field enhancement could benefit a photodetector only
within an associated skin depth.
In order to gauge the near-field enhancement we calculated the 300 nm transmittance through
this mesh as a function of the depth into GaN (Figure 52).
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Figure 52: Transmittance as a function of the depth into GaN for a 300 nm normal incidence
plane wave

By fitting the blue plane curve with an exponential

−

(

)

we calculated an

increase in „absorption‟ for GaN at 300 nm. This increase in absorption results from
the evanescent components in the substrate and represents the part of the SP wave that did not reradiate in the substrate. This component can be detected only close to the surface. But most light
is propagating light and can be transmitted far from the grating if not absorbed by GaN.

Again, in an effort to evaluate the various possibilities and robustness to miscalibrations during
the fabrication, we evaluated the value ranges for the three mesh parameters to get high
transmission at 300 nm (Figure 53). We obtained high transmissions for periods, thicknesses and
metal stripe widths varying within the [240-280], [60-100] and [40-70 nm] respectively.
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Figure 53: Transmittance at different depths into GaN as a function of the metal stripes width for
various periods and metal thicknesses.
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4. CHAPTER FOUR: FABRICATION
The subwavelength features can be fabricated using three different techniques:
-

Nano-imprint lithography (NIL): this very cheap technique enables a fast fabrication of
large samples and therefore is used in industry for mass production. Yet it lacks
flexibility since is uses molds and therefore is not convenient to develop and test new
structures. Once an optimized structure has been targeted, this method should be used to
mass-produce devices at a cheaper price.

-

Focused Ion Beam (FIB): this method allows very fine features but is very slow and very
expensive.

-

Electron beam lithography (EBL): we chose this technique because it is a compromise
between the NIL and FIB. While still expensive, it does not cost as much as the FIB, is
also faster and can be used to pattern larger areas. A lateral resolution of 10 nm can be
reached together with a lot of design flexibility.

We considered two different approaches to fabricate the aluminum meshes: a lift-off technique
and a back-etching technique. The aluminum back etching technique consists in depositing the
aluminum first and then patterning it with a 2D array of subwavelength square holes. For the liftoff option, we pattern a 2D array of subwavelength square pillars in the e-beam resist, deposit
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aluminum and then remove the resist.
The aluminum mesh aims at improving the light coupling into nitride based DUV photodetectors
or LEDs. GaN compounds –whether InGaN or AlGaN- are grown on sapphire wafers. ZnO
substrates are available and are much better matching substrate but are much more expensive and
sapphire is mostly used for commercial applications. Therefore, the fabrication process has been
developed on sapphire wafers.
The first step of the processes is the critical cleaning of the wafer. The standard process for
cleaning the samples is consecutive acetone, methanol, isopropanol (IPA), deionized water (DI
water) sprays followed by a nitrogen (N2) gun dry.

4.1

Leica EBPG 5000+ for E-beam based lithography

The option available for subwavelength lithographic exposures available to us is the Leica 5000+
Electron Beam Pattern Generator System. This system uses a thermal field emitter electron
source capable of patterning 10 nm features on substrates as large as 5” x 5” operated at 20-50
kV with a 100 kV option. The system has a maximum field size of 800 μm x 800 μm where the
stitching can be minimized due to off-axis correction and height sensor capabilities in
conjunction with a HeNe interferometer automated stage movement control accuracy of 0.6 nm.
Figure 54 provides a photograph of the Leica tool used in this work along with a generalized
schematic of the electron beam column.
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Figure 54: Picture and diagram of the electron-beam column

The electrostatic and magnetic lenses from are condensing the beam. The system is also
equipped with an automatic stigmator module which corrects any residual astigmatism in the
electron beam. 950 PMMA A5, a chemically amplified positive resist, is used in this work over
the standard ZEP 520 A resist due to its decreased sensitivity, thus widening the window of
exposure doses to be used.
In order to efficiently write lines into the resist, we utilize the proximity effect in electron beam
lithography that can be described through the various scattering events that occur when an
electron strikes the substrate after traversing the resist layer during the exposure process.
Fundamentally, the resulting back scattered electrons contribute to the overall dose applied to the
particular feature and a broadening of the feature size is observed. This exposure routine requires
a characterization of the exposure dose and resulting hole diameter for the specific substrate
81

structure and resist layer thickness. Given this characterization, mesh patterns can be patterned to
match design specifications where the e-beam accurately lines with the appropriate width and
spacing.

4.2

Fabrication process using the lift-off technique

The lift-off technique [62]consists of six main steps (Figure 55).
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Spin and bake
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Sapphire
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5
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6

Sapphire

Deposit metal

Lift-off

Figure 55: Fabrication steps of the lift-off technique
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Spin:

An adhesion promoter, hexamethyldisilazane (HMDS), was used to help the resist stick to the
substrate and prevent it from peeling prematurely. Figure 56 is a scanning electron microscope
(SEM) image taken after developing the exposed resist with and without the adhesion promoter.
We can observe that without the use of an adhesion promoter the resist starts peeling off before
being fully exposed and developed all to way through the substrate. Spinning a mono-atomic
layer of hexamethyldisilazane (HMDS) therefore appeared necessary to promote the adhesion of
PMMA to the substrate.

Figure 56: SEM images at a 45o angle of the patterned PMMA layer after the development
without (left) and with (right) the use of hexamethyldisilazane (HMDS)

The resist used was a kind of polymethylmethacrylate: 950 PMMA A5. The first number (950)
stands for the molecular weight (MW) of the resin and corresponds to a 950,000 MW. Standard
PMMA products are formulated with 495,000 & 950,000 MW. The higher the MW the less
sensitive it is to electrons. We chose a less sensitive resist so that we have a larger range of
exposure doses to operate and get a robust recipe insensitive to e-beam machine miscalibrations.
For that same reason, we preferred PMMA to ZEP, ZEP being five times as sensitive as PMMA
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to electrons. The last segment (A5) means that the resin is dissolved in anisole with a 5%
concentration. PMMA products can be dissolved in chlorobenzene or anisole, the latter being
safer. The higher the last number is the more viscous PMMA is and therefore the thicker it is
after spinning.



Prebake:

After spinning the samples were baked at 180oC for 90 seconds on a hotplate.



Deposit a metallic discharge layer:

The e-beam lithography consists in writing a pattern into resist using an electron beam. The
electron is very energetic and it is essential for the electron to discharge in order to get fine
features. Sapphire is an insulating crystal and electron cannot flow through it, therefore it is
necessary to help them discharge during the e-beam exposure of the PMMA. In addition, to get
the smallest features possible the electron beam needs to be focused on the surface of the resist
(the smallest available beam diameter is 10 nm on our machine). To focus the e-beam machine
properly a calibration is performed during which a beam is incident on the sample and reflected
on its surface. A detector measures the reflected beam and the first reflective surface can be
detected. Note that it is essential for the sample to be very flat without being tilted in order to get
a well-focused electron surface all over the sample surface. But sapphire and PMMA are fairly
transparent. That is why the samples need a reflective layer on its surface.
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The deposition of 40 nm of chromium (Cr) at this point enabled us to discharge electrons during
the e-beam exposure as well as calibrate and focus the e-beam on the surface of the sample. Two
commonly used discharge layers are chromium and gold. Chromium was chosen because it
enabled us to get finer and sharper features. Indeed the electron beam is scattered as it travels
through the metal layer before reaching the resist. And scattering -also referred to as proximity
effect- is proportional to the atomic number Z of the metal it goes through. The atomic number
of chromium (24) is three times as low as the one of gold (79). Therefore, the electron beam is
much less scattered. For comparison, we fabricated two different sets of meshes using chromium
and gold as a discharge layer. It is obvious that the features are much better defined when using
chromium (Figure 57).

500 nm

500 nm

Figure 57: SEM images of the patterned PMMA (260 nm period) layer using gold (left) and
chromium (right) as a discharge layer

Unfortunately, the chromium deposition happens at relatively high temperature and during the
post-deposition cooling down process cracks often appear and propagate through the PMMA.
This results from high stress in the PMMA layer whose thermal expansion coefficient is 10 times
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higher as for chromium. To minimize the cracks we cool down the sample very slowly after the
chromium deposition.



Perform the e-beam exposure:

The electron beam exposure was performed using a 50 kV accelerating voltage and a 1 nA
current. The higher the acceleration voltage, the smaller the scattering of electron is. A 1 nA
current corresponds to a beam spot size of 10 nm.
The exposure is performed in a pulsed scanning manner: a pulsed electron beam writes at the
crossing points of a mesh whose period has been chosen appropriately and with the appropriate
dose. A resolution and a beam step need to be chosen. The resolution corresponds to the
accuracy in positioning the electron beam. The beam step corresponds to the period of the mesh.
We chose a resolution and beam step of 10 nm. The exposure dose varied from 450 to
1000 µC/cm2 depending on the mesh period and metal lines width.



Develop the resist:

After exposure the exposed areas of resist need to be dissolved in a developer: the active
developing solution for PMMA is methyl isobutyl ketone (MIBK). The standardized developing
solutions used are MIBK, MIBK:IPA 1:1, MIBK:IPA 1:2, or MIBK:IPA 1:3. The lowest the
concentration of MIBK the slower but finer the developing process is. We used the latter one to
get sharper features (on the 50 nm scale). At this point the negative pattern of the mesh is written
into the resist.
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Remove the resist residues:

In order for the aluminum to stick well to the substrate we need to remove all the residues on the
exposed surface where the aluminum is supposed to be. It is not uncommon to have residual
resist in places where the resist has been exposed and developed. To remove these residues, we
performed an oxygen plasma etch also referred to as de-scum. The oxygen plasma consisted of
O2 and H gas flows with a DC voltage of 104 V and a power of 15 W. That corresponds to a
PMMA A5 etch rate of 15 nm / minute. Experimentally we noticed that the smaller the period of
the mesh the longer the etch time needs to be. A single minute de-scum was sufficient for a 500
nm period mesh whereas a 12 minute de-scum was optimum for a 260 nm period.



Deposit the aluminum

The aluminum deposition was performed using a thermal evaporator. The metal surface appeared
very grainy and therefore an e-beam assisted metal deposition was performed for comparison. It
only slightly improved the metal surface roughness.



Lift-off the resist

The lift-off was performed using a Remover PG solution. The lift-off process itself is detailed in
3.3.
Figure 58 shows a fabricated 100 nm mesh with a 260 nm period and a 100 nm wide Al lines.
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160nm
100nm

Figure 58: SEM image of a 260 period mesh with 100 nm thick and wide metal lines.

4.3

Lift-off technique challenges

Generally, the yield of the process is much lower for a lift-off process than for a back etch
process. Than is even truer for high aspect ratio features because the thicker the metal is the
smaller the ratio of the resist thickness over the metal thickness is. And the lift-off difficulty
increases when the latter ratio decreases. We could resolve small feature sizes for resist up to 400
nm, which is four times higher than the targeted metal thickness. This is generally a good ratio to
perform a micron scale lift-off but remains challenging for our small features.
A long ultrasonic bath appeared necessary to helps the lift-off. Yet such an aggressive technique
can remove the whole structure if the samples are not perfectly clean before the metallization.
Therefore, a long de-scum associated with a smaller e-beam dose exposure appeared necessary to
increase the yield of the process. A longer oxygen plasma de-scum also appeared appealing as
the process seems less sensitive to any electron beam miscalibrations. Indeed if the beam current
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is lower than expected and does not contribute to removing the resist all the way through the
substrate a longer de-scum will take care of that.

A major drawback of the lift-off technique is the rough edge definition. That results from the
tearing of the metal covering the sidewalls of the resist during the lift-off. Indeed the resist
profile does not exhibit any undercut and therefore during metal deposition is the metal does not
only cover the horizontal surfaces. The sidewalls of the resist are also coated with metal. That
explains the difficulty to perform the lift-off as well as the torn aspect of the metal lines on their
edges. Several alternatives have been investigated to overcome this issue.

-

Undercut in the resist profile

First a bi-layer technique using ZEP and PMMA was tested as suggested in [63]. ZEP is spun on
top of PMMA. ZEP being much more sensitive than PMMA to electrons the required dose
exposure is approximately five times smaller than the one for PMMA. So by exposing the bilayer resist just enough to pattern the ZEP without affecting the PMMA we can then selectively
pattern only ZEP. The patterned ZEP is then used as a mask to wet etch the PMMA. Because wet
etching is isotropic it could enable us to create an undercut in the bi-layer resist profile. This
process is illustrated on Figure 59.
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1. Spin ZEP on top of

2. Expose and develop

3. Wet etch PMMA

4. Aluminum deposition

ZEP

2

PMMA

Sapphire

PMMA

Sapphire

Sapphire

Sapphire

Figure 59: Diagram of the ZEP/PMMA bi-layer lithography technique

This technique worked for the larger period meshes but not the 260 nm period ones. This can be
simply explained: to ensure an easy lift-off the PMMA thickness needs to be higher than the
metal thickness (100 nm). The wet etch being isotropic that means that the undercut will be
roughly 100 nm. Yet for the smallest period meshes the resist pillars are 160 nm wide. Therefore,
the undercut is too large and the structures collapse for smallest period meshes (Figure 60).

Period: 420 nm
Metal linewidth: 100 nm

Period: 500 nm
Metal linewidth: 100 nm

Period: 260 nm
Metal linewidth: 100 nm

Period: 340 nm
Metal linewidth: 100 nm

Figure 60: Patterned resist after the PMMA wet etch using MIBK:IPA 1:3

Another bi-layer technique consists in using two different types of PMMA with two different
sensitivities to electrons. The less sensitive one is deposited on top of the most sensitive one.
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After exposure and development the more resist has been removed on the bottom resist. Yet for
the 260 nm period grids the resist pillars are 160 nm wide and the maximum allowed undercut on
each side is estimated to 30 nm before the pillars collapse. We could not find two resists with
such close sensitivities to allow such a small undercut.
The last technique investigated was to spin a 5% diluted ammonium hydroxide for 30 seconds on
the pattern PMMA after its development as suggested in [64]. However, we did not observe a
significant undercut in the resist profile (Figure 61).

200 nm

Figure 61: SEM image from a 45o angle of patterned PMMA after an additional 30 s. diluted
ammonium hydroxide spun

-

Long oxygen plasma etch and ultrasonic assisted lift-off

With no obvious undercut, the lift-off process is more challenging and a long ultrasonic bath of
at least 2 minutes in the resist stripper remover-PG appeared necessary, after a soak in removerPG, without letting the sample dry in between. Figure 62 compares two different lift-off
processes.
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1 µm

(a)

45o angle view

200 nm

(b)

45o angle view

1 µm

(c)

Figure 62: SEM images of the aluminum pattern for different lift-off processes:
(a-b) 8 hour warm remover PG bath for, IPA and DI water rinse, N2 blow. Then 2 minute ultrasonic bath in
remover PG – (c) 1st warm remover PG bath for 25 minutes, 2nd warm remover PG bath for 5 minutes. Then 2
minute ultrasonic bath in remover PG without letting the sample dry.

Having a resist remover ultrasonic bath right after the longer warm soak is necessary to get rid of
resist without any metal re-deposition.
For a good lift-off, the resist thickness should be at least three times as high as that of the metal.
For a good adhesion of the metal to the substrate, an oxide etch is required in order to completely
clear up the regions where metal is to be evaporated afterwards. Therefore we spun a 500 nm
thick layer of 950 PMMA A5 and performed a series of different oxide etches (de-scum) ranging
from 1 to 12 minutes at a 15 nm/min etch rate to gauge the optimum des-scum process. Figure 63
compares an 8 minute and a 12 minute de-scum for the 130 nm size holes and 250 nm period.
We notice that a smaller dose associated with a 12 minute de-scum leads to sharper edges.

92

500 nm

500 nm

Figure 63: SEM images of a 100 nm thick aluminum mesh (250 nm period) for a 8 minute descum (left) and a 12 minute de-scum (right)

In general we observed that the smaller the features, the longer the required des-cum for a clear
pattern. Also a long de-scum is preferred because it widens the exposure dose range acceptable,
making the process more robust and more resistant to any e-beam calibration problem. Yet the
lift-off process could suffer from too a long de-scum if too much resist is etched so that the resist
to metal thickness ratio becomes smaller than 3. We found out that a 12 minute de-scum was
ideal for the 130 nm hole size whereas a 2 minute de-scum was sufficient for the 400 nm hole
size.

As shown in Figure 64, an 8 minute de-scum appears good for the 200 nm hole size, for a 270
nm thick aluminum mesh. Yet we notice that the metal edges are rough, which might be due to a
small ratio between the metal thickness (270 nm) and the resist thickness of about 400 nm after a
8 minute de-scum.

93

200 nm

1µm

Figure 64: SEM images of a 270 nm thick aluminum mesh for a 8 minute de-scum (left) and a 4
minute de-scum (right)

-

Minimizing the proximity effect

Another issue was the high proximity effects for the smaller meshes. In order to decrease the
scattering of electron we used a high accelerating voltage (50 kV) but we could not avoid the
undesired exposure of neighboring resist and thus widening of the exposed areas. Figure 65
shows two different period meshes with the same targeted linewidth.

Figure 65: SEM images of a 300 nm (a) and 250 nm (b) period fabricated by targeting a 40 nm
metal line width.

The metal lines for 250 nm and the 300 nm period meshes are respectively 140 nm wide and 110
nm wide even though the targeted line width was 40 nm. The proximity effect impacts drastically
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more the designed meshes as the period gets smaller. Therefore, the smaller the period the more
we need to under target the metal line width. We ended up using a 10 or 20 nm wide line design
to get a 100 nm wide Al lines for a 100 nm thick grating with a 250 nm period.

4.4

The lift-off technique results

Extensive studies have been carried out to fabricate a wide range of meshes whose period could
be as low as 250 nm and duty cycle can range anywhere from 10% to 100%. Figure 66 to Figure
69 represent a series of different meshes fabricated.
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190 / 500

Figure 66: SEM images of fabricated 100 nm thick meshes with a 500 nm period and varying
metal line width. The numbers stand for metal line width / period in nm.
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Figure 67: SEM images of fabricated 100 nm thick meshes with a 400 nm period and varying
metal line width. The numbers stands for metal line width / period in nm.
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Figure 68: SEM images of fabricated 100 nm thick meshes with a 300 nm period and varying
metal line width. The numbers stands for metal line width / period in nm.
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Figure 69: SEM images of fabricated 100 nm thick meshes with a 260 nm period and varying
metal line width. The numbers stands for metal line width / period in nm.
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5. CHAPTER FIVE: OPTICAL MEASUREMENTS AND CRITICAL
PARAMETERS IMPROVEMENTS
The samples used for measuring the optical transmission consisted of meshes with various
periods fabricated on top of double side polished sapphire substrates using thermal evaporation
of aluminum. Both near field and far field data were collected.

5.1

The near field measurements

An Alexandrite laser was used for the near field measurements. The second harmonic generation
at 365 nm from the 730 nm line was used to illuminate the samples from the back side of the
sapphire wafer and the near field transmission measurements were taken 10 nm from the top of
the grating. Figure 70 shows the SEM images together with the near field transmission of three
different meshes.

100

280 um

400 um

500 um

Figure 70: SEM (left) and near field transmission (right) images of 100 nm thick meshes with
280, 400 and 500 nm periods (top to bottom)

The near field spatial distribution is expected to have the same periodicity as the mesh. Yet the
actual measurements show additional variations. This mainly results from the aluminum surface
roughness as well as the bad metal edge definition. These issues are further investigated in
sections 6.2 and 6.3.
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5.2

The far field measurements

For a set of meshes whose SEM images are plotted on Figure 71, we measured the far field
transmission using a CARY 500 spectro-photometer. Figure 72 shows the associated
transmittance spectra.

500 nm period

400 nm period

300 nm period

Figure 71: SEM images of the 70 nm meshes for transmittance measurement
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Figure 72: Transmittance spectra for three 70 nm thick Al meshes

We observe some peak transmission that blue shift as the period gets smaller but the
transmission amplitude drops as the period gets smaller and the experimental results differ from
the theoretical predictions. Figure 73 compares the experimental measurements with the FDTD
simulations for two different 100 nm thick meshes.
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Figure 73: Comparison of optical transmittance measurements and FDTD simulations for two
different 100 nm thick Al meshes

The measurements and simulations are consistent at larger wavelengths but differ at smaller
wavelengths. The measured transmittance also has considerably lower amplitude and is redshifted compared to the simulation curve.

In order to check how sensitive to any measurement error the transmission is we investigated
further the modeling. First, we investigated the impact of an error in the incident angle on the
transmittance measurements.
Figure 74 plots the various spectra of a 70 nm thick mesh with a 400 nm period and 195 nm
linewidth Al mesh for normal incidence, for a 2o incidence and for a 4o incidence. It shows that
an error of alignment in the incoming light results in a change in the transmission spectrum for
the fabricated mesh. Figure 75 plots an angular integration of the spectra from
Figure 74 and therefore represents the light transmittance measured for an illumination with a
light cone with different angular variations. We notice a decrease in the transmittance amplitude
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but also an attenuation of the characteristic peaks and valleys in transmittance. That results from
the facts that the different angular components have characteristic features at different
wavelengths (Figure 74).

Figure 74: Transmittance spectra for a 400 nm period 195 nm linewidth and 70 nm thick Al
mesh (calculated for various small angles of incidence of the light)

Figure 75: Integrated spectrum from
Figure 74 (for angular incidence from 0o to 4o)

The 400 nm period mesh from Figure 74 was predicted to have maximum transmission for a 430
nm normal incidence plane wave. In order to better gauge the experimental transmission error
resulting from the metal thickness and width variations we calculated the transmission for metal
width varying from 150 nm to 250 nm and metal thickness varying from 50 to 90 nm.
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Transmittance

Figure 76: Transmittance at 430 nm for 400 nm period mesh with various thicknesses as a
function of the metal width

As observed on Figure 76 the transmittance is very sensitive to the metal linewidth for a fixed
period. Experimentally it is very hard to control the width due to the proximity effect during ebeam exposure and the thickness variation depends on the metal roughness.
The aluminum deposition being very grainy it results in thickness variations on the sample. In
addition, the rough definition of the metal line edges results in variations of the width of the
metal lines. Therefore improving the metal roughness and the line edge definition would
contribute a long way toward increasing the experimental transmittance.

The fast oxidation of aluminum in air was also identified as a third possible cause for the
mismatch between simulations and experiments. Indeed within second aluminum can oxidize in
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air and a thin aluminum oxide layer is created and covers the aluminum grating also preventing it
from further oxidizing.

These three critical parameters were investigated in the next chapter.
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6. CHAPTER SIX: THE CRITICAL PARAMETERS

6.1

The aluminum oxidation

To investigate the impact of the aluminum oxidation we introduced a 5 nm aluminum oxide layer
in the FDTD model. Because the spatial mesh needs to be very thin in that oxide layer to get
good spatial resolution we switched from a uniform spatial mesh to a non-uniform one using a
small grid in the oxide layer and a larger one in the substrate. That enabled us to get a good
resolution on the fine oxide layer and get accurate results while optimizing the simulation time.
Figure 77 shows the calculated spectral normal incidence transmission with and without the
aluminum oxide layer together with the spectral measurements for the 500 nm period and 200

Transmittance

nm wide lines aluminum grating.

Figure 77: Comparison of the measurements and FDTD results with or without a 5 nm aluminum
oxide layer over the aluminum stripes for the 500 nm period mesh
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The transmission spectrum red shifts when the 5 nm thick Al2O3 layer is introduced. So the redshift of the measured transmittance spectrum can be explained by the presence of an aluminum
oxide layer. It also explains a slight amplitude drop but a drastic one like experimentally
observed.

In order to fight the small calculated drop in amplitude we investigated solutions to prevent the
aluminium from oxidizing. A straightforward approach consists in coating a protective layer on
top of it before it exposed to air. This could be done by coating aluminium with gold or silicon
dioxide before removing the sample from the metallizer. Figure 78 shows the calculated spectral
transmittance for 5 different cases and at 3 different depths into GaN:
-

Bare GaN

-

GaN with an Al mesh on top (optimized for high transmittance at 300 nm)

-

GaN with the same Al mesh covered by a 5 nm thick Al2O3 layer

-

GaN with the same Al mesh covered by a 5 nm thick protective SiO2 layer

-

GaN with the same Al mesh covered by a 5 nm thick Au layer
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Transmittance

Figure 78: Calculated spectral transmittances at different depth d into GaN for a GaN substrate
with no mesh on top, with an Al mesh, with the same Al mesh covered with a 5 nm Al2O3 layer,
with the same Al mesh covered with a 5 nm SiO2 layer and with the same Al mesh covered with
a 5 nm Au layer

In order to better gauge the impact of the grating structures and for a better comparison we
normalized the results by dividing the different grating structures transmittances by the one
calculated for a bare GaN substrate. Figure 79 shows the corresponding normalized
transmittances.
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Figure 79: Comparative normalized transmittance graphs from Figure 78

The transmission drops when using gold as a protective layer. A 5 nm thick silicon dioxide layer
looks like a good option to maintain high transmittance.

6.2

The aluminum surface roughness

Another reason for the low amplitude of the measured transmittance is the Al roughness. Indeed
the grainy surface of metal has been reported to affect the efficiency of surface plasmon coupling
[65, 66]. Evaluating the impact of surface roughness is difficult though since the roughness scale
is often comparable to the size of spatial mesh used in numerical models. Also, the roughness
morphology is challenging to determine. Yet surface roughness have been reported to create hot
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spots (areas with high local field) affecting the behavior of the system [67]. Two-photon
emission was observed from rough Ag surfaces due to the rapid spatial change in the local field
[68]. In our case the 60 nm Al size grain is not negligible compared to the 120 nm metal
linewidth on Figure 82.

In an effort to reduce the aluminum surface roughness we first compared the thermal evaporation
and the e-beam evaporation of aluminum. The roughness was reduced from 5.2 nm to 1.7 nm
when using the e-beam (Figure 81) but the grain size remained large (Figure 80). We then
performed an aluminum deposition using cold e-beam aluminum deposition. The metalizing
chamber as well as the sample holder was cooled down using liquid nitrogen during the e-beam
aluminum evaporation. This greatly improved the smoothness of the aluminum surface [69]. The
Al grain size decreased from 60 to 10 nm (Figure 80) and the roughness from 5.2 nm to 0.4 nm
(Figure 81).

Figure 80: SEM images of plain Al films deposited with - from left to right - thermal
evaporation, e-beam evaporation and liquid N2 cooled e-beam evaporation
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(a)
Thermal evaporation:
Rq = 5.2 nm
Ra = 4.2 nm

(b)
E-beam evaporation:
Rq = 1.7 nm
Ra = 1.3 nm

(c)
Cold e-beam evaporation:
Rq = 0.42 nm
Ra = 0.36 nm

Figure 81: AFM images of an Al film deposited using: (a) thermal evaporation, (b) e-beam
evaporation and (c) e-beam evaporation on liquid nitrogen cooled substrate.
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Figure 82: SEM images of a 400 nm period Al mesh using (a) thermal and (b) cold e-beam
aluminum deposition (scale bars: 100 nm)

Despite the smoother aluminum surface (Figure 82) the metal line edge are still rough. That
results from the insufficient undercut in the resist profile for a lift-off process: the deposited
aluminum covers the sidewalls of the resist and is torn apart when the resist is removed.

6.3
6.3.1

The line edge definition
Fabrication Process

The back etch technique consists of six main steps (Figure 83).
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1.
sapphire

2.

Aluminum

Clean

Deposit metal

sapphire

3.

Discharge layer

ZEP
Aluminum

Spin resist and discharge layer

sapphire

4.

5.

6.

Expose, remove discharge layer, develop
resist

Etch metal

Remove resist with oxygen plasma etch

Figure 83: Fabrication steps of the back etch technique

First, the aluminum is evaporated on the clean substrate. Then because of its higher resistance to
etching undiluted ZEP 520A was spun on the sapphire substrate and baked at 180oC for 90
seconds on a hotplate. An additional discharge layer named AquaSave was spun. AquaSave is a
conductive solution that can be spun on insulating substrates to act as a discharge layer. An
additional reflection layer is not required anymore to focus the electron beam because the
aluminum layer is already reflective. The pattern was then exposed with doses ranging from 60
to 140 µC/cm2 and an accelerating voltage of 50 kV, a current of 1 nA, a resolution of 10 nm and
a beam step of 10 nm. After exposure, the discharge layer is removed in DI water and the resist
is developed in a solution of ZED-N50 for 60s followed by a 20 second rinse in an IPA bath and
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an IPA then DI water spray. A three minute hard bake at 120oC on a hotplate then increases the
ZEP resistance to etching. Two different aluminum dry etches were investigated using the
patterned resist as a mask to transfer the pattern into the aluminum layer: a fluorine based etch
and a chlorine based etch.

6.3.2

Fluorine plasma etching

Using a reactive ion etching (RIE) chamber we tested three different etching recipes (Table 3).
Table 3: Fluorine plasma recipes
Recipe 1
Pressure (mTorr)
20
N2 (sccm)
3
O2 (sccm)
2
CF4 (sccm)
18
DC Bias (V)
461
RF Power (W)
222
Al etch rate (nm/min)
7–8
ZEP etch rate (nm/min)
40-45
950 PMMA A5
70-80

Recipe 2
20
3
0
18
478
222
Not consistent etching
-

Recipe 3
20
3
3
18
461
225
7
75-85
125-140

The fluorine plasma does not etch aluminum but etches aluminum oxide. Therefore we did not
observe significant etch of aluminum without using oxygen to oxidize the aluminum oxygen
appeared necessary to etch aluminum. By increasing the oxygen flow from 2 to 3 sccm we did
not observe a significant change in the aluminum etch rate while the resist etch was accelerate
drastically.
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We observed an improvement of the line edge definition (Figure 84) but the use of fluorine and
fluorine compounds has not been found useful in etching aluminum for two reasons. First, the
aluminum etch rate is very slow and associated with a very poor aluminum selectivity of 1 to 6 at
best (Table 3). Second aluminum compounds are re-deposited against the sidewalls (Figure 84).
That might results from two phenomena: the first one is the re-sputtering of aluminum form the
etched areas because aluminum is ablated rather than chemically reacting with the plasma; the
second one is that the chemical reaction results in the production of aluminum fluoride
compounds which are not volatile and therefore redeposit against the sidewalls.

Figure 84: oxygen plasma etched meshes (left: 500 nm period, right 400 nm period)

A chlorine plasma etch therefore appears necessary.
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6.3.3

Chlorine plasma etching

We used an inductively coupled plasma (ICP) RIE chamber and considered different
combinations of gases: Cl2/SiCl4, Cl2/BCl3 and Cl2/HBr. One product of reaction is AlCl3 and is
toxic and corrosive. We used Cl2/BCl3 with the parameters outlined in Table 4.
Cl2 etches Al but does not etch Al2O3, which is formed as aluminum oxidizes. BCl3 is added to
etch Al2O3. The RF power was first set low to prevent sputtering of aluminum from the etched
areas. At fixed flow rates and pressure increasing the RF platen power then resulted in faster and
more directional aluminum etch (Table 4).
All in all the most directional etching was obtained for the lowest pressure the highest platen
power and the lowest Cl2 flow. Using the highest platen power available (300W) and the lowest
pressure (10mTorr) we were able to etch down to the smallest period aluminum meshes (Figure
85).Yet we were not able to use a chlorine flow rate lower than 15 sccm and tried to use helium
to dilute chlorine gazes and have more directional etching. But as shown on the AFM images
from Table 4 adding helium resulted in more isotropic etching without affecting the etch rate.
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Table 4: Cl2/BCl3 plasma recipes and results (with 2µm×2µm AFM and SEM images)
Recipes:
Descum
BCl3
(sccm)
Cl2
(sccm)
He
(sccm)
Pressure
(mTorr)
RF Platen
Power (W)
Coil Power
(W)
Al etch rate
(nm/min)
Comments

#1

#2

#3

#4

#5

#6

no

yes

40

40

40

40

40

40

40

16

16

16

16

16

15

15
50

30

15

10

10

10

10

10

250

250

125

125

300

300

300

0

0

0

500

0

0

0

12

23.4

<10

45

130-140

130-140

130-140

Non
uniform

More directional

Directional

Very good

30 s.

30 s.

Not unidirectional enough to
resolve period below 300 nm

2×2 µm2 AFM images/ SEM:
Etch time

30 s.

30 s.

60 s.

Period:

500 nm

400 nm

300 nm

260 nm
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30 s.

Figure 85 shows the most directional etching we achieved using Cl2/BCl3 chemistry. The 260 nm
period features are not well resolved due to angled sidewalls.

500 nm period

400 nm period

300 nm period

260 nm period

Figure 85: SEM images at normal incidence (left) and at a 65o tilt (right) of meshes etched with
recipe 5 for 60 seconds
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We also tried Cl2/SiCl4 recipes in order to achieve straighter sidewalls (Table 5: Cl2/SiCl4
plasma recipes).
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Table 5: Cl2/SiCl4 plasma recipes (with 2µm×2µm AFM and SEM images)
Recipes:
Descum
Cl2
(sccm)
SiCl4
(sccm)
Pressure
(mTorr)
RF Platen
Power
(W)
Coil
Power
(W)
Al etch
rate
(nm/min)
Comments

#7

#8
yes

#9
yes

# 10
yes

# 11
yes

15

15

15

15

15

23

23

23

23

23

10

10

10

10

10

75

75

100

100

100

500

1000

500

1000

1500

Very
sharp

Very sharp

Very sharp

Very
rounded

70
Very
rounded

2×2 µm2 AFM images / SEM:
Etch time

30 s.

60 s.

60 s.

50 s.

500 nm

400 nm

300 nm

260 nm
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40 s.

Recipes:

# 12

# 13
yes

# 14
yes

# 15
yes

15

15

15

15

23

23

23

23

10

10

10

10

150

300

300

300

500

0

500

1500

150-170

140-160

200

-

Very sharp
down to
260 nm

Sputtering
of Al

Sputtering
of Al

15s.

10s.

Descum
Cl2
(sccm)
SiCl4
(sccm)
Pressure
(mTorr)
RF Platen
Power (W)
Coil Power
(W)
Al etch rate
(nm/min)

no

yes

Comments

Good

Very good

2×2 µm2 AFM images / SEM:
Etch time

30 s.

30 s

30 s.

500 nm

400 nm

300 nm

260 nm

Again using a higher platen power resulted in more directional etching. Yet increasing the RF
power while also increasing the ICP power resulted in sputtering of aluminum from the etched
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areas. Figure 86 corresponds to recipe # 10 (300 W RF power and 500 W ICP power) and
illustrates that effect. The bright areas are aluminum sputtered from the etched areas onto the
sidewalls.

Figure 86: 35o tilted SEM image of a 260 nm period mesh etched with recipe # 10 for 15 s.

6.3.4

Comparison back etch / lift-off results

Recipes #5 and #9 were used to etch the aluminum meshes with periods down to 260 nm with
straight sidewalls and very sharp feature definition.
As expected the line edges are much smoother with the back etch technique than with the lift-off
process one (Figure 87). Indeed the lift-off technique tears apart the metal deposited on the
sidewalls of the resist if there is no undercut in the resist profile, which leads to rough line cuts of
aluminum. By contrast, when we use a back etch technique the smooth edges of the patterned
resist are transferred to the etched metal areas.
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500 nm period

400 nm period

300 nm period

Figure 87: SEM images of various period meshes using back etch (left) and lift-off (right)
techniques

Not only are the edges and corners sharper but also the aluminum grain is smaller whereas we
used a thermal evaporator for both techniques. The necessary ultrasonic bath during the lift-off
therefore accentuates the disconnection between the aluminum grains. The back etch technique
appears critical to get higher definition of the critical parameters and match the simulated
geometries.
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6.4

Comparison of the optical transmittances

The far field transmittances of a 400 nm and 500 nm period meshes were measured and
compared to simulations. The different processes used for comparison were an etch process
associated with a liquid nitrogen cooled down e-beam evaporation of aluminum, an etch process
associated with a thermal evaporation of aluminum and a lift-off process after thermal
evaporation of aluminum.
Figure 88 and Figure 89 compare the spectral transmittances of meshes fabricated with the
different processes with the theoretical calculations. As observed on the figures replacing the liftoff process by an etch process leads to much better agreement between the calculated and the
measured transmittances. The measured amplitude is higher and the drops and peaks in
transmission are observed at the same wavelengths as in the R-Soft simulations.
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90

Rsoft - 500 nm period
LN2 e-beam - 500 nm period
LN2 e-beam - 500 nm period- 45deg
Thermal - 500 nm period
Thermal - 500 nm period - 45deg
Lift-off

Transmittance (%)

80
70
60

500 nm

50
40
30
20
10
250

300

350

400
450
Wavelength (nm)

500

550

600

Figure 88: Transmittances of 100 nm thick meshes with a 500 nm period fabricated using lift-off
and etch processes and thermal or liquid nitrogen cooled down e-beam evaporations (the
“45deg” curves correspond to a linear polarization at 45o compared to the metal lines)
70
Rsoft - 400 nm period
LN2 e-beam - 400 nm period
Thermal - 400 nm period
Lift-off - 400 nm period

Transmittance (%)

60
50

400 nm

40
30
20
10
0
250

300

350

400
450
Wavelength (nm)

500

550

600

Figure 89: Transmittances of 100 nm thick meshes with a 400 nm period fabricated using lift-off
and etch processes and thermal or liquid nitrogen cooled down e-beam evaporations

Using an etch recipe together with a cold aluminum deposition leads to good agreement of the
measurements with the simulations but the measured transmittances are lower than the
calculations. We mentioned that the aluminum oxidation contributed to the decrease in
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amplitude. Also, as shown on Figure 90 at normal incidence, at the peak transmission for the
transmitted light is the sum of different diffracted orders along the transverse directions (x and z).
By placing a detector right behind the sample and measuring the light transmitted we missed the
transmitted harmonics at higher angles. In order to get better agreement between the calculations
and the measurements one could use an integrating sphere to measure the total light
transmittance (a set-up is proposed in Figure 91).

Transmittance (%)

80
Rsoft - 400 nm period

60
40
20
0
250

300
290 nm:

350

400
Wavelength (nm)

370 nm:

450

500

550

600

z

430 nm:

x

Figure 90: Calculated far fields for a 100 nm thick 400 nm period mesh (SEM on bottom right) at
three different wavelengths (the top half circle is reflected light, bottom half circle is transmitted
light)

Light
Source

Integrating
sphere

monochromator

Detector

Sample

Figure 91: Rendition of the measurements with an integrating sphere to capture diffracted light
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The consistency between measurements and agreements has been demonstrated for the mesh
transparent contacts. Yet in addition to being highly transparent in the deep UV, a good
transparent contact also needs to be highly conductive in order to ensure the lateral spreading of
carriers on top of photodetectors and LEDs.
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7. CHAPTER SEVEN: ELECTRICAL PROPERTIES
We investigated the sheet resistances of the meshes for various thicknesses, duty cycles and
periods. We developed a theoretical model whose validity was checked experimentally.

7.1

(a)

The theoretical expected sheet resistance

(b)

(c)

Top view

Figure 92: Rendition of a plain Al film (a), parallel Al lines (b) and a 2D Al mesh (c)

For a uniform metal film (Figure 92-a):

For parallel metal lines, the resistance decreases as the duty cycle increases (Figure 92-b):

For a 2D mesh consisting in two sets of parallel lines that are perpendicularly oriented (Figure
92-c):
(
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)

(

)

Figure 93 represents the sheet resistance of the mesh normalized over the sheet resistance of a
uniform aluminum film of the same thickness.

Rmesh / Rfilm

15
10
5
0
0

0.2

0.4

0.6

0.8

1

Duty cycle

Figure 93: Expected sheet resistance of the meshes as function of their duty cycle relatively to a
plain aluminum film of the same thickness

7.2

The measurements of the sheet resistance

The sheet resistance was calculated using a four point probe setting (Figure 94) together with the
Van der Pauw formulation. In order to get accurate measurements the thin film thickness needs
to be much thinner than the lateral dimensions of the sample. We used a 70 nm thick 3mm×3mm
square sample.
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4

1

Sample

3

2

Figure 94: Rendition of a 4 point probe measurement

The measurements consist in flowing a current along one vertical edge of the sample (I12) and
measuring the voltage across the opposite edge (V34). Using Ohm‟s law a corresponding vertical
V

34
resistance R12,34 is calculated: R12,34  I . Then we invert the measurements: V12 is measured
12

V

34
when flowing a current I34 and R34,12 is calculated: R12,34  I .
12

The reciprocity theorem states: R12,34  R34,12 .
By then inverted the polarities of the current source we get two additional sets of measurements.
We then average the four sets of measurements to get a better accuracy of the vertical resistance:
Rvertical 

R12,34  R34,12  R21,43  R43,21
2

.

By repeating this procedure along the horizontal edges we also can calculate the horizontal
resistances: Rhorizontal 

R23,41  R41,23  R32,14  R14,32
2

.

The sheet resistance Rs is then calculated using Van der Pauw formulation:
e Rhoizontal / Rs  e Rvertical / Rs  1
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The period of the mesh being the same in the horizontal and vertical directions the vertical and
horizontal resistances are equal: Rhorizontal  Rvertical  R . And the sheet resistance can be
expressed as: Rs 

R
ln(2)

.

Nine 60 nm thick samples were fabricated with various periods and various duty cycles (Figure
94) and their sheet resistances were measured relatively to the sheet resistance of a plain 60 nm
uniform aluminum sample (Table 6).

Table 6: lateral dimensions of the 60 nm thick aluminum meshes tested for sheet resistance
measurements:
duty cycle
0.116
0.205
0.208
0.210
0.236
0.303
0.413
0.520
0.525
0.700

Period (µm)
10
40
20
10
5
4
3
0.5
0.4
2

metal linewidth (µm)
1.16
8.2
4.15
1.16
1.18
1.21
1.24
0.26
0.21
1.4
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Relative sheet resistance
8.58
4.16
3.96
3.28
3.60
2.21
1.63
1.25
1.65
1.03

Figure 95: SEM and Microscope images of the meshes from used to measure the sheet resistance

The measurements are consistent with the theoretical predictions (Figure 96). Those assumed an
electrical current flowing along the metal lines. In the worst case scenario in which the current
would flow at a 45o angle from the metal lines, the resistive path would be increased by a factor
of 1.4.

134

Normalized sheet resistance

10
8

Measurements
Theoretical normalized sheet resistance

6
4
2
0
0.1

0.2

0.3

0.4
Duty Cycle

0.5

0.6

0.7

Figure 96: Comparison of measured and theoretical normalized sheet resistance of the meshes
from Table 6
Using an Al resistivity of 2.82×10-8Ω.m [70] the sheet resistance of different thickness meshes
with different thicknesses was calculated as a function of their duty cycles (Figure 97). These are
to be compared with a 200 nm film of ITO whose sheet resistances between 12 and 15 Ω/sq.
have been reported[71].

Figure 97: Mesh sheet resistance as a function of its duty cycle for various thicknesses t
From the published data for ITO [72, 73], its minimum achieved resistivity is 149×10-8Ω.m.
From [74]the resistivity of nickel gold stoichiometric alloys Au0.5Ni0.5 is higher than 30×10135

8

Ω.m. Figure 98 plots the calculated sheet resistance of a uniform ITO film and a uniform

Au0.5Ni0.5 film as a function of their thicknesses.
Additionally according to published data [75]: ρAu = 2.214×10-8Ω.m and ρNi = 6.99×10-8Ω.m.
Therefore, a Ni/Au contact consisting of two layers of gold and nickel of equal thicknesses has a
resistivity:  Ni / Au   Ni  Au  1.68 108   m .
 Ni   Au

For additional comparison we also inserted the sheet resistance of Ni/Au (5/5 nm) transparent
contact deposited on top of sapphire substrates and annealed with different recipes using rapid
thermal annealing.

Sheet Resistance (Ω/sq.)

30
25
350/400oC – 5 min.

20
15

550 oC – 5/12 min.

ITO
Ni/Au
AuNi
Al mesh 10% duty cycle
Al mesh 30% duty cycle
Al mesh 60% duty cycle
plain Al

10
5
0
0

50

100
Thickness (nm)

150

200

Figure 98: Calculated sheet resistance as a function of the film thickness for uniform ITO, bilayer Ni/Au film, Au0.5Ni0.5 alloy and aluminum meshes with different duty cycles
We can design various transparent meshes with tunable peak wavelength down to 300 nm with
transmittances higher than 90%. For comparison, we calculated in section 3.2.2 the
transmittances of various Ni/Au films: a Ni/Au 1/1nm film transmits 83% of light at 300 nm and
its sheet resistance an order of magnitude higher than the subwavelength aluminum meshes. In
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addition, a 10 nm thick plain aluminum film has a higher sheet resistance than the meshes but
transmits only 31% of the light.

We summarized the merits of using our subwavelength period meshes as deep ultra-violet
transparent contacts by comparing their electrical and optical performances at 300 nm with other
commonly used transparent contacts (Table 7).
Table 7: Comparison table of the sheet resistance and the optical transparency at 300 nm of
different DUV transparent contacts

Sheet
Resistance
(Ω/ )
Transparency
at 300 nm

Al mesh with

10 nm thick
Al film

Ni/Au
1/1nm

Ni/Au
5/5nm

Ni/Au
10/10nm

100 nm
thick ITO

200 nm
thick ITO

2.65

16.8

3.36

1.68

15

7

<2

39%

92%

66%

46%

< 50%

< 50%

> 90%

30% < d.c. < 60%
40nm<thick<140nm

Using sub-wavelength aluminum meshes with duty cycles ranging from 30% to 60% and
thicknesses from 40 nm to 140 nm enables us to get both high transparency and low sheet
resistance and therefore act as good transparent electrodes. In addition, these relatively high
thicknesses range would insure the electrode lateral continuity over usually rough AlGaN films.
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8. CHAPTER EIGHT: CONCLUSIONS

Subwavelength aluminum meshes have been designed to be polarization insensitive transparent
to UV light. The assistance of surface plasmon coupling to enhance the transmission has been
demonstrated. A 2D RCW analysis and a 3D FDTD model have been developed. The two
methods were found to be consistent for 2D simulations and the 3D model was used to design
various high transmission meshes for different wavelength, bandwidth and angular acceptance
targets.
An e-beam assisted lift-off lithography process was developed to fabricate 2D thick metal
gratings with small periods. Fabricating shallow grating with such low periods had been done.
However, the fabrication of thicker gratings (up to 270 nm) with periods as low as 250 nm had
not been reported before.
Optical measurements have been carried out and analyzed. The low amplitude of the measured
transmission was investigated and three critical parameters have been determined. First, the fast
oxidation of aluminum was found to decrease and red shift the transmittance. The passivation of
the mesh with a 5 nm SiO2 cover was found to maintain a 90% transmittance. Then the
aluminum roughness and large grain size has been experimentally studied: by switching from a
thermal evaporation to a liquid nitrogen cooled e-beam evaporation of aluminum the grain size
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was decreased from 60 nm to less than 20 nm and the roughness from 5nm to 0.4 nm. Lastly the
rough line edge definition was improved by performing a back etch process using a chlorine
chemistry plasma as opposed to a lift-off process. The identification of these previously
unknown challenges with the lift-off method was essential to develop an appropriate etch process
to fabricate meshes whose transmission measurements were consistent with simulations.
Finally, the electrical properties of the meshes were investigated and a theoretical model for their
sheet resistance was developed. Experimental data were in very good agreement with the model.
These meshes exhibited lower sheet resistances than the conventionally used transparent contacts
and therefore were proven suitable as electrodes.
Further investigations could include measuring wavelength dependent near field transmittances
for the back etched samples and fabricating these meshes with successive aluminum and silicon
di-oxide in a vacuum chamber to avoid the oxidation of aluminum.
Such meshes can benefit many practical devices. They could act as very good transparent
contacts as well as quantum efficiency enhancers for blue to DUV LEDs AlGaN
LEDs[31][31][31]. They could also benefit blue to DUV photodetectors if used as a top full Ncontact for inverted AlGaN detectors and LEDs. These could also be used to design portable
spectrometers: by designing an appropriate array of meshes with different transmission peak
wavelengths an integrated spectrometer with no gratings or mirrors could be fabricating [76].
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